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* CHART1 goals (mid-2016 to mid-2019) :
1. the design of an optimised 16 T Canted Cosine Theta (CCT) dipole magnet,
as an option for the FCC hadron collider main magnet;

2. the development (design and prototype) of a high-field dipole
magnet with CCT technology.

[B. Auchmann et al., Electromechanical Design of a 16-T CCT Twin-Aperture Dipole for FCC, IEEE Trans. on Appl. SC 28 (April, 2018) no. 3.]
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* CHART1 (mid-2016 to mid-2019) goals:
1. the design of an optimised 16 T Canted Cosine Theta (CCT) dipole magnet,
as an option for the FCC hadron collider main magnet;

2. the development (design and prototype) of a high-field dipole
magnet with CCT technology.

[G. Montenero et al., Coil Manufacturing Process of the First 1-m-Long Canted-Cosine-Theta (CCT) Model Magnet at PSI, IEEE Trans. on App. SC., Vol 29(5), 2019.
G. Montenero et al., Mechanical Structure for the PSI Canted-Cosine-Theta (CCT) Magnet Program, IEEE Trans. on Appl. SC., Vol 28(3), 2018.]
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1. NbsSn technology introduced at PSI.
— 90 m? laboratory refurbished, equipped, commissioned.
— Production-readiness review (http://indico.psi.ch/event/cd1prr).

; AB ‘L p
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1. Nb;Sn technology introduced at PSI.
2. CD1 magnet construction complete, magnet is shipped.
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The test preparation was interrupted by COVID 19 and resumed in Aug. 2020.
Magnet test started in Sept. 2020 but interrupted by cryo problem.

* Max. current after 2 quenches: 11.1 kA or 62.5% of short sample, 6 T in the bore.
PSI has built a magnet (no more and no less can be said at this stage).

LBNL has provided technology transfer, and support, as well as test and -
preparation. We cannot thank the LBNL team enough for their generous support
and collaboration.

s CCT4L1
CCT4L2 .
s+ CCT5 L1

20 40 60 80 100
Quench Number

Courtesy D. Arbelaez, LBNL.
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1. Nb;Sn technology introduced at PSI. _—

2. CD1 magnet construction complete. 63.6 mm
3. Challenges remaining in the CD1 design:
— CCT inherent technological challenges:

— bonding of cable in winding channels.

90 mm
Spar 3/2 mm 7.4/3 mm
Layer interface Sliding plane  Bend & Shim

. . . Mechanical Bladder & Al shell
— reliable insulation.
. structure Key
— FCC-parameter specific challenges:
Resin FSU Mix 61 FSU Mix 61

— winding and stress-relief heat treatment
on small diameter.

— plastic deformation of thin mandrel at
665°C.

[Cable-channel delamination in CCT5 after testing. Photo courtesy of LBNL]
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(== CHART1 Take-Aways

Nb,Sn technology introduced at PSI.
CD1 magnet construction complete.
Challenges remaining in the CD1 design.
Collaborations.

> wnN e

Main collaboration partners: CERN, LBNL

In 2018, initiated collaboration with ETHZ-SMG, Prof. Theo Tervoort.

CERN joined and co-financed the project under CHART umbrella.

Post-Doc initially Barbara Gold, succeeded in 2019 by André Brem.

* |nitial target was crack-resistant epoxies (given the 1.6-mm wide
spaces at the poles that are filled with resina and glass).

* With additional results from LBNL magnets, de-bonding inside
channels became the focus.

* Added activity on bonding testing and surface contamination to
ETHZ collaboration.

A
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BERKELEY LAB
ETHzurich

Final Report for the
ADDENDUM FCC-GOV- CC-01 47 | KE4035 ITE

Epoxy Systems for the Impregnation of
High-Field Superconducting Magnets

André Brem, Barbara J. Gold, Bernhard Auchmann,
Davide Tommasini and Theo A. Tervoort

August 20, 2020
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MagDev1 Status

CHART2:

Accelerator Magnets

WPO0: Management, coordination

WP1:
Infrastructure

WP2:
Enabling Technologies

WP3:
LTS Magnet R&D

W4
HTS Magnet R&D

T1.1: CHART2 facility specification
and construction follow-up
Partners: PSI

Sub-contractors:

T2.1: Adhesion and impregnation

techniques
Partners: ETHZ, PSI, CERN
Sub-contractors:

T3.1: Manufacturing trials
Partners: PSI
Sub-contractors:

T4.1: Non-insulated technology coil

design, construction, and testing
Partners: PSI, CERN, KIT
Sub-contractors:

T1.2: CHART1 move
Partners: PSI
Sub-contractors:

T2.2: Advanced manufacturing
Partner:

Sub-contractors: : Inspire (ETHZ), commercial
partner

T3.2: Subscale design, construction,

and test
Partners: PSI, LBNL
Sub-contractors: EPFL-SPC

TA4.2: Coil stack construction and

testing
Partners: PS|, CERN, KIT
Sub-contractors:

T1.3: CHART2 equipment spec.,
procurement, commissioning
Partners: PSI, CERN
Sub-contractors:

T2.3: Full and partial insulation
schemes

Partners: PSI, CERN
Sub-contractors: von Roll, Oerlikon Metco

T3.3: CDx construction and test
Partners: PSI, LBNL, CERN
Sub-contractors:

T4.3: Partially-insulated technology

coil construction and testing
Partners: PSI, CERN, KIT
Sub-contractors:

T1.4: Cryogen-free test station

upgrade
Partners: PSI, CERN
Sub-contractors:

T2.4: Mechanical coil interfaces
Partners: PSI, CERN, ETHZ
Sub-contractors:

T3.4: LTS HFM design studies
Partners: PSI, CERN
Sub-contractors:

T2.5: Winding and stress relief
Partners: PSI, CERN
Sub-contractors:

T2.6: Splicing and solder
impregnation

Partners: PSI, CERN, KIT
Sub-contractors:

T4.4: HTS applications design studies

Partners:: PSI, CERN, KIT
Sub-contractors:

AR

Swiss Accelerator
Research and
Technology

pproval.
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New extension to building WLHA next to SLS2.0.

WLHA is also home to NC magnet workshop, undulator workshop, and FQ
measurment hutch.

Hand-over in August 2020.

From the old lab, we brought

the reaction furnace,

the impregnation vacuum chamber,
temperature control units,

a box oven, and a portal crane.
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* Autoclave purchasing well advanced (10 bar, 250 degrees, heated feeding ports).

Chemistry workpface

[ 3] |
[k

Autoclave purchaéifﬂfg i
final stretch. 7
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* GLO furnace fo 2-m-long coils has a single gas circuit through the door. Cannot be adapted
to a LARP-style two-circuit operation with a tight mold.

* FZS tubular furnace has two gas supplies and, lately numerous diagnostic sensors.

* Workplaces in the laboratory are mostly used. Magnet-section provides focus rooms and
silent work places if needed.

. _
- “Meeting room”
= I
A == =

E—
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LT SRR K setup

_‘WLLle -

* Pneumatic press setup has been
borrowed at PSI.

* Will be purchased when needed
frequently.

* Welding press would be acquired if and
when needed.
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* Winding house with access control (rotating equipment, conductor storage, scanning metrology) and
sticky door mats.

* Re-reeler with 2-3 m for reel-to-reel processes (QA or other).
* HTS winding table following example of CERN 927.

‘Tape winding se
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* LTS winding table delayed due to chip shortage.
* Tensioner/positioner
— Tension (5 to 50 kg)
— Tilt (+/- 120 deg)
— X-y position
* Winder
— Two rotational DOFs (full rotation).
— Center of roll in center of mandrel.
* Secondary DOFs can be programmed in python,
adjusted by remote control or kept constant.
* An overhead slewing crane will be installed shortly.

Ridgway Ltd
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PAUL SCHERRER INSTITUT

Jaap Kosse (J—__—

Douglas Araujo

: Engineer ReBCO
Engineer LTS P3 Project, Magnet Section
) UNIVERSITE
Michael Dal Henrique Rodrigues @‘-E/ DE GENEVE
|C' ael Daly Technician ReBCO . FACULTE DESS.CIENCES
Engineer LTS WireChar, WireDev
ETH:zurich
Christoph Hug MagNum (D-ITET)
Technician LTS Design
ETH:zurich

MagRes (D-MAT SMG)

André Brem
Material Scientist Processes

ETH:zurich

MagAM (pd|z, inspire AG)

Thomas Michlmayr
CAD, Technical Design

Insturmentation,
Protection, Testing
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MagDevl
WireChar MagDev2
WireDev FCCee Injector

Z &

MAGNET DESIGN ColL MECHANICAL TESTING
MANUFACTURING ASSEMBLY

Nb3Sn and HTS coils Mechanical loading

STRAND / TAPE CABLE

LTS and HTS strand/tape Rutherford / Roebel ECC-hh / HE-LHC

LTS and HTS magnet tests
R&D, Procurement, QA production g

conceptual and technical
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X-ray tomography
Billet manufacturing

%
% N, “'
MECHANICAL TESTING

STRAND / TAPE CABLE MAGNET DESIGN
MANUFACTURING ASSEMBLY

LTS and HTS strand/tape Rutherford / Roebel ECC-hh / HE-LHC ' LTS and HTS magnet tests
R&D, Procurement, QA production conceptual and technical Nb3Sn and HTS coils Mechanical loading
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BERKELEY LAB MagNum

and analysis workflows
ation, Multi-scale modeling

STRAND / TAPE CABLE MAGNET DESIGN ColL MECHANICAL TESTING

MANUFACTURING ASSEMBLY
LTS and HTS strand/tape Rutherford / Roebel FCC-hh / HE-LHC LTS and HTS magnet tests

R&D, Procurement, QA production conceptual and technical Nb3Sn and HTS coils Mechanical loading
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LTS and HTS strand/tape
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Polymer R&D

Insulation and composite R&D

Splices and Joints

REBCO NI Coil Technology

%

MAGNET DESIGN

FCC-hh / HE-LHC
conceptual and technical

? |
ColL

MANUFACTURING
Nb3Sn and HTS coils
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LTS and HTS magnet tests
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Fachhochschule
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Bundesanstalt far
Materialforschung
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3D-METALLDRUCK
Additive manufacturing
Process digitization QA/QC
Coil interfaces
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STRAND / TAPE CABLE MAGNET DESIGN EAOIL MECHANICAL TESTING
ANUFACTURING ASSEMBLY

LTS and HTS strand/tape Rutherford / Roebel ECC-hh / HE-LHC ' LTS and HTS magnet tests

R&D, Procurement, QA production conceptual and technical Nb3Sn and HTS coils Mechanical loading
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Subscale sample tests in background field
Quench Protection

5

Z & -

STRAND / TAPE CABLE MAGNET DESIGN EAOIL MECHANICAL TESTING
ANUFACTURING ASSEMBLY

LTS and HTS strand/tape Rutherford / Roebel FCC-hh / HE-LHC , LTS and HTS magnet tests

R&D, Procurement, QA production conceptual and technical Nb3Sn and HTS coils Mechanical loading
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[ Overview

* MagDev2 (22 — 24)
— Roadmap Strategy — aligned with LDG HFM R&D Roadmap
submitted to CERN Council
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ESPPU statement "Europe, together with its international partners, should investigate the
technical and financial feasibility of a future hadron collider at CERN with a centre-of-mass

energy of at least 100 TeV”.

The HFM program’s efforts in Nb3Sn magnet R&D must demonstrate decisive progress in the
areas of performance, robustness, and credible reduction of cost.

Target field for 100 TeV is 16 T.

Performance . .
Economical field target Critical params and eng. margins tbd.

Training performance tbd.

ALARA, later possibly

Scalability in units and length.
cost target. Robustness

Electrical and thermal cycles.

Optimized production yield.
Industrialization.

First up: show innovation towards robust performance.
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* We suggest the Nb;Sn Magnet R&D program to use succession of meaningful fast-
turnaround R&D vehicles.

* New technologies can be tested under approximately realistic conditions at the earliest
possible stage and the smallest permissible scale and cost.

Materials and Composite Samples (not powered) Materials, insulation, interfaces, 10-stacks, etc.
Powered Samples and Mechanical Models Transverse-pressure tests on strands/cables, joint tests, BOX.

Sub-scale Magnets SMC, insert coils, 4-6 T 0.5-m-long accelerator-type magnets

Short Magnets at 11-12 T nominal field accelerator magnets
Intermediate Field demonstrating essential technologies
) of ultimate-field magnet.

V

Adapted from LDG HFM roadmap chapter, P. Vedrine et al.

4-layer short demonstrator aiming for near-
ultimate specifications with available conductor
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Non-powered samples

Powered samples
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Sub-scale Magnet <>

00000
Intermediate-field Magnet <>
©

© © @ O

Ultimate-field Magnet <>

Page 31



PAUL SCHERRER INSTITUT

(=)= CHART LTS HFM Roadmap ",

Swiss Accelerator
Research and

Technology
2020 2021 2022 2023 2024 2025 2026 2027
ESPP Update ESPP Update
_| 1 2 _———d oo —. o J
A D A D \> A D
_ ’
Infrastructure
MagDey Lab LHg Testing
Facility
. Wire Lab Extension
Wire Development
Wire performance and |robustness ’ l 100 m|UL R&D wire
Enabling Technologies Coil composite and interfaces MagRes2
Manufacturing processes
Advanced Design Technigues
nstrumentation and multi-messenger signal analysis
LTS Magnet R&D
CD1 BOX Program Subscale Program .
Concept . . . Ultimate-
Study Design Intermediate-field|Magnet field rjtagnet

Caveat: CHART3 is not today an approved program. The funding envelop will determine the possible
level of engagement, and a selection of activities may have to be made according to priorities. bage 32
age
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We are limiting ourselves to due to their availability from multiple suppliers,
relative robustness, low infrastructure requirements, and the proven track record.

Cost is an issue, but not one that we expect to directly address in the coming years.

Driving questions:
* Basic technology questions:

— Whi of
Which aspects of \Gfat
~ cc® 9 ? Technologies
* Route to high fie!” BGO a“ \-‘\(e .
- d a Re \oo Ly
— r U\ \,G“ | ?
2t WO inet®
\N“ ﬂ'\ag in terms Accelerator Route to
integration high fields

_uality for a 20+T accelerator?
of an HTS-only accelerator?
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e The HTS program has for a primary mission to deliver a technology demonstrator for a
SuperBend magnet in light sources based on NI coil technology.

* For this purpose, a collaboration and licensing agreement with Tokamak Energy Ltd was
negotiated and signed.

* Experimental work on solenoid pancake coils has started.

* More recently, the CHART2/P3 project (test stand for FCC-ee injector at SwissFEL) needs a
DC capture solenoid around the target for positron production. We are investigating our NI
technology for this purpose. The magnet would be in the beam-line in 2024.

* With HTS multi-REBCO-tape coil winding and

HTS Design Studies coating in place, the HTS program will
(LTS/HTS hybrid , all-HTS) produce samples for cable- and insulation

R&D and produce HTS HFM roadmap design
Sub-scale HTS Magnets studies.

* Future sub-scale magnets could be based on
the race-track geometry used for the
SuperBend demonstrator.

Adapted from LDG HFM roadmap chapter, P. Vedrine et al.
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2020

ESPP Update

CHART HTS HFM Roadmap

2021

>

Infrastructure

HTS Tape R&D

Enabling Technologies

HTS Magnet R&D

Accelerator Design

SuperBend Te

2022

2023

2024

FCC-ee inject

chnology Demo

In

*

or test, SC solen

HTS HFM Conc
Study

Hi

Pinning engineering to reduce
anisof

ropy

sulation mater

Technology

gh-fie

als

Quench protection

ble and Insulation

2025

2026

ESPP Update

Id HTS coi
facility

FQir

| test

HTS HFM

n HTS accelerat

Caveat: CHART3 is not today an approved program. The funding envelop will determine the possible
level of engagement, and a selection of activities may have to be made according to priorities.
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MagDev0 and the CD1 magnet have set the stage for the MagDev HFM roadmap.
MagDev1 has scaled up the laboratory facility, team size, and scope of collaborations.
For Nb3Sn technology:
— MagDev1 studies training mechanisms in stress-managed Nb3Sn magnets
— and produces a design concept based on novel materials, design, and processes.
— MagDev2 should implement the roadmap in a fast-turnaround multi-scale approach.
For HTS technology:
— MagDev1 introduces HTS coil manufacturing and testing to CHART.
— MagDev2
— will provide NI technology demonstrators for light sources and a positron source,
possibly with a magnet being operated in a beamline.
— will initiate the technology program towards cable and insulation technologies and
produce an R&D roadmap based on validated design concepts.
Innovation, focus, strategic investment, and excellent collaboration shall be the guiding
principles in this effort.
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