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« Motivation and Physics Strategic Planning

 Context of Magnet R&D for a future collider
o0 Examples from US and Europe

« Ongoing plans in US, Europe, and Asia

e Summary comments
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Physics motivation and strategic planning

 The physics drivers for a future hadron collider are
well documented by community planning, e.g.

0 US “Snowmass” process - ongoing
0 European Strategy for Particle Physics

P5 recommendation 24:

and decreasing costs.”

“Participate in global conceptual design studies and critical path

R&D for future very high-energy proton-proton colliders.
Continue to play a leadership role in superconducting magnet
technology focused on the dual goals of increasing performance

Last US “P5”

HEPAP Accelerator R&D Subpanel recommendations

U.S. DEPARTMENT OF

ENERGY

Recommendation 5b. Form a focused U.S. high-field magnet R&D collaboration
that is coordinated with global design studies for a very high-energy proton-proton
collider. The over-arching goal is a large improvement in cost-performance.

Recommendation 5¢c. Aggressively pursue the development of Nb_Sn magnets
suitable for use in a very high-energy proton-proton collider.

Recommendation 5d. Establish and execute a high-temperature super-
conducting (HTS) material and magnet development plan with appropriate
milestones to demonstrate the feasibility of cost-effective accelerator magnets
using HTS.

Recommendation 5e. Engage industry and manufacturing engineering
disciplines to explore techniques to both decrease the touch labor and increase
the overall reliability of next-generation superconducting accelerator magnets.

Recommendation 5f. Significantly increase funding for superconducting
accelerator magnet R&D in order to support aggressive development of new
conductor and magnet technologies.

Office of
Science
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report ~2014

( From 2020 ESPP: \

“Innovative accelerator technology underpins the physics
reach of high-energy and high-intensity colliders. It is also a
powerful driver for many accelerator-based fields of
science and industry”

“The particle physics community should ramp up its efforts
focused on advanced accelerator technologies, in
particular that for high-field superconducting magnets,
including high-temperature superconductors.”

“The technologies under consideration include high-field
magnets, high-temperature superconductors, plasma
wakefield acceleration and other high-gradient accelerating
structures, bright muon beams, energy revovery linacs.”

Fabiola Gianotti (CERN). LHCP. 7 June 2021

CERN's implementation

T

Full exploitation of the physics potential of LHC and high-luminosity LHC (including Hl, flavour, ...)
- CERN's highest priority in the short/medium term (> see M. Lamont's talk)

Highest-priority next collider: e*e- Higgs factory
-> continued development of FCC-ee and CLIC technologies; support to ILC

Increased R&D on accelerator technologies: high-field superconducting magnets,
high-gradient accelerating structures, plasma wakefield, muon colliders, ERL, etc.
- see next slide

Investigation of the technical and financial feasibility of a future = 100 TeV hadron collider
at CERN, with e*e-Higgs and electroweak factory as a possible first stage.
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Magnet technology is driving the cost and reach of a future collider

Existing colliders

Collider concepts

I O
100 [~ ®
- (or cancelled) ~

[Cost/performance IS the critical metric }

Accelerator cost distribution

Accl. & CERN cost estimates™:

Facilities

SSC total

s $rmagnets/ Brot
LHC:57%

HE-LHC:

- 70% (26TeV; Nb3Sn)

- 77% (33TeV; HTS)
Lowering dipole cost is : *. Rossi, “TOE” talk

the key to cost control
2nd order reductions:
Eliminate HEB,
Main Quads

Barletta

From conductor to magnets

= SeAlE '
Y. S J
r 7 1 —~—
7 i L
b (o
2e )

Coil fabrication |:> Magnet assembly [:> Magnet test

Dominant cost drivers for a pp collider: Magnets and tunnel

Office of
Science
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R&D efforts for accelerator magnet technology are becoming more structured

* DOE created the US Magnet Development Program (MDP) in ~2016
 Europe has completed the High Field Magnet Program Roadmap (HFM) «

These are significant programs, derived from ~decadal community planning processes
=> Strive to coordinate efforts to more rapidly advance technology development

4 )

General R&D - programmatic (ex: US MDP)

%
.

Directed R&D (ex: LARP)
(Technology res SS)

\ . Project I :
\ (ex: HL-LHC AUP) . /

The US DOE approach balances long-range R&D and project preparation

Office of
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The “magnet zoo” in colliders are (to-date) all based on Cos(t) desighs

*R&D magnet designs
explore layouts that attempt
to address 1ssues associated _ [
with conductor strain (to @)
avolid degradation) and -
reduction of conductor/coill

Common Coil Block

motion (to minimize - TAMU oot
training)
4.5T 5.3T 3.5T

*At high field and/or large e
bore, “managing” stress N
through judicious force ol
Interception will be required NN

o .

Shiltsev/Zlobin, (FNAL) SSC, 50mm LHC, 56mm L:{?T ?Ogl;r;(m VLHC, 43mm
6.6T, 4.3K 8.3T, 1.9K FNAL:/C;ERN 10T, 4.5K

Office of

NERGY Science
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Plans and Roadmaps are well advanced globally

« US MDP — well established (arXiv:2011.09539) o UG A @ EH ik,
» European HFM — roadmap established (arXiv:2201.07895),/]: gp;f;g;;émp“ A ‘.T—_ EPFLE
» Japan efforts at KEK - coordinated with CERN and MDP — a%n :
* China efforts led by IHEP — progressing well Ir'lg EE[ GZELab —
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Updated US MDP Roadmaps have been published T — *%ﬁiﬁvﬁ?ﬂfﬂiﬁﬁ

*. | https://arxiv.org/abs/2011.09539 ;o st of Elecrica Physics, CAS

Engineering, CAS
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https://arxiv.org/abs/2011.09539

Integrated programs share common themes, but unique perspectives

US Magnet Development
Program (MDP) Goals:
GOAL 1:

Explore the performance limits of

Nb_Sn accelerator magnets with a focus
on minimizing the required operating
margin and significantly reducing or
eliminating training.

GOAL 2:

Develop and demonstrate an HTS
accelerator magnet with a self-field
of 5T or greater compatible with
operation in a hybrid LTS/HTS magnet
for fields beyond 16T.

GOAL 3:

Investigate fundamental aspects of
magnet design and technology that
can lead to substantial performance
improvemeants and magnet cost
reduction.

GOAL 4:

Fursue Nb,sn and RTS conductor
R&D with clear targets to increase
performance and reduce the cost of
accelerator magnets.

.S. DEPARTMENT OF Office of

EN ERGY Science

Strategic directions for the update plan:

Probing stress management structures
Hybrid HTS/LTS designs

Understanding and impacting the
disturbance-spectrum

Advancing both LTS and HTS conductors,
optimized for HEP applications

o O O

o

HFM structure

« p@v\gﬁ\g‘g\‘é:
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o

Quench
clustering

= U
1 Fresca2 % = Ultimate NbsSn Exploration of
MDPCT1 E? HTS new concepts
and technologies
0.1 =
5 10 15 20 25

The R&D on High Field Magnets - Soren Prestemon -

Bore field (T)

Courtesy Luca Bottura
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US MDP Program strategy and goals: driving questions related to performance

 Ultimate Performance of Magnets

0)
0)
0)

What is the nature of accelerator magnet training? Can we reduce or eliminate it?
How do we best define operating margin for Nb;Sn and HTS accelerator magnets, and to what degree can and should it be minimized?

Can we control the disturbance spectrum and engineer a magnet response to reduce operating margin and enhance reliable
performance?

What are the mechanical limits and possible stress-management approaches for Nb,Sn, HTS, and 20 T hybrid LTS/HTS magnets, and
do they have defined mechanical limits?

Do hybrid designs benefit from the best features of LTS and HTS, or inherit the difficulties of both material technologies?

Example: MDP 4-layer, 60mm bore cosine-theta magnet led by FNAL

FEEN | | 150 — Rec field! )
o] ot pp— ~p [1]: Highest priority issue: degradation
S Mechanisms; design mitigation
:73:120; [11]: Second priority: Initial quench current
g . » and memory after thermal cycle
:: [I11]: Third priority: Training rate

Office of ~
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The European High Field Magnet Program R&D Roadmap is now set

* Major R&D program
o0 Based on extensive discussions with magnet community
0 Leverage broad expertise and facilities throughout Europe

» Two main objectives:
o Demonstrate Nb,Sn magnet technology for large-scale deployment (towards the 16

T target required3 by FCC-hh)
o Demonstrate the suitability of High-temperature superconductor (HTS) for
accelerator magnet applications

£ e
. g D LG
1 = o s uan Y European Strategy L
- E S E < S Update
-— = E - = (] Laboratory Directors Group
£ tEs 2282 ¢ =R P
2 go e 5 pgoe:®
A3 2 5® £ 32 QOQ
o =2 o b =
o T 3 285, 0 = ¢ :
E s & s o0& &
3z = = Q ~ £ EE [\
2 g8 O e Felsh
x § O % e 83 ég E g Powered KBSa Samgled and Machasical Medals
z S z o AR YEE
High-field magnets
0 . , l - | Panel members: P. Védrine® (Chair), L. Garcia-Tabarés® (Co-Chair), B. Auchmann?, A, Ballarino®,
1970 1980 1990 2000 2010 2020 2030 B. Baudouy”, L. Bottura®, P. Fazilleau”, M. Noe®, §. Prestemon®, E. Rochepault®, L. Rossi?,

year (-) C. Senatore”™, B. Shepherd®

A~
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Connections between the integrated magnet R&D efforts are building

B-OST, Luvata,
SuperPower

CPRD advisory

J

Example: nexus for US conductor development

Office of

Science The R&D on High Field Magnets - Soren Prestemon -

Advanced Technologies on
AC-Loss and Field Quality
Analysis on HTS magnets

Experimental material
science for nuclear
applications

Advanced

HTS Magnet
Technologies
for
Future Advanced
Advanced Technologies for Accelerator Lgrcshr:\ﬁlogies for
High Field Accelerator Sciences aghet

Magnet

Framework

_ Advanced Technologies for HTS
us Japan Magnet with Radiation Hardness

Example: Toru Ogitsu, presentation at SoftA Workshop

~~
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US MDP roadmaps

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

J M S J M S J M S J M S J M S J MS J M S J MS J M S J M S J |
HEP Strategy Alignment
Progress on 2020 Updated MDP Roadmaps

Continue alignment with
physics community needs

0 Snowmass ’ P5 ’ 2024 Updated MDP roadmaps

Explore broader HEP needs Pursue HEP priorities; possible broadened contributions (Muon collider, Axions, etc.)

Focus on “stress-

Stress-managed Nb3Sn - effect on training & degradation Explore field & aperture limits of stress-managed magnets
managementas wellas IR
hybfld HTS/LTS magnet HTS coil design & technologies developments Demonstration of 20+T HTS/LTS & performance optimization

technology

Cost-effective approaches: designs and techniques

Technology & Conductor Development

Continue tO inveSt in the Dev. of materials, components, diagnostics, protection Continued developments in diagnostics; integrated systems

“science of magnets” and
P Development & study of high-performance Nb3Sn Scale-up and cost reduction of high-performance Nb3Sn
in Improved conductors : oo
HTS wires/tapes development & understanding; cable developments QC / mech. strength / cost reduction of HTS conductors

.S. DEPARTMENT OF Office of =
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European HFM plans related to magnet technology

| Nb;Sn conductor development program

Nb5Sn Conductors Procurement / \ \-.\.
N

Nb3Sn Conductor R&D Evolution 4 N
Nb;Sn Cable R&D , / /

Materials, Cryogenics and Models

Structural and Composite Materials Development 3 HFM Material and Components Test Support ,

Nb3sn magnets deV8|Opment program Thermal Management and Cryogenics Studies gl
FEETITTITTEED 3D D > ——— el
& Thermo-mechanical Design studies

T
)) !/!/._)/ Model Based System Engineering Framework ! HFM Engineering Design and Analysis Support

Short Nb;Sn Magnets Intermediate Step (11..121) -~
. - — —wit*/!/p § Multi-Physics/Multi-Scale Models Development
i | 0 = T T T T T T T T
g & /4 g
oS -
_ 4 Ay I . g Quench Models Development , Powering and Protection
2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 Quench Detection and Protection Design and Analysis HFM Powering and Protection Design
Advanced Quench Protection Development Novel Quench
- Detection and
= Protection
l HTS conductor development program 2 Advance Quench Detection Development e
: B———
§ = . B
= R&D on Inst ts and Di: tics
HTS Conductors R&D and Transfer to Industry S on Ins ruen s and Diagnostics

HTS Cable R&D

HTS magnets development program

Cable and Magnet R&D Infrastructure Long Magnet Production Infrastructure
Cable and Insert Test Stations ¥
HFM Test Activiti

Magnet Test Infrastru (=

HTS Magnet Design Studies
Sub-scale HTS Magnets .”!

| £

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

¥ Infrastructure and Instruments

2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

U.S. DEPARTMENT OF Office of
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KEK plans and progress - magnet technology examples

-

» Task1: HTS magnet technologies for high-radiation environment | S0 k used by U8 LARE, - emal oo 10 77 K
o Gamma ray irradiation to organic materials |
o Neutron irradiation at the IMR Oarai and preform Ic test.
o0 Microscopic analysis of irradiation damage.

 Task 2: Stability, quench protection, and magnet safety
0 Quench experiments of various spiral conductors.

» Task 3: Measuring and modeling AC loss and field quality of
HTS accelerator magnets

0 Analyses of mechanical effect of shielding current, and CCT
wound with CORC wires.

o Field measurement of various HTS magnets.
« Task 4: HTS/LTS high field hybrid accelerator dipole technology

0 Non-organic insulation technology R&D for HTS and Nb3Sn Development of inorganic insulation technology
conductor.

o0 Develop rad-hard racetrack coils that can be tested at BNL 10T
test stand.

0 Prepare test stand, complete quench protection system design.
Device a detailed test program including magnetization
measurement.

Jan9-Mak22 -5
85MBy .

s ——
- -

Up to SOMGM\
is.approve ——

(CTD101K, mix6l, A

Extensive cragks | No crack

Radiation impacts on magnet materials

ool orice FHIEM

| \‘1S.Cieﬂi'9&13 Field Magnets



KEK plans: conductors

= Vol for FCC Study . Design and Characterization
* In-depth characterization
\ KEK CERN HT, J;, composition, dg...

/" Program coordination A

Defining specification * Program coordination

Conceptual design . Addendum for Jap. CERN Contact: * Defining specification

Partner- PI: T. Ogitsu Nb3Sn conductor A Ballarino « Conceptual design
Prof. Awaji development
(Tohoku Univ.) * Evaluation of J,, B,, . . . - -
| Steering Committee « Mechanical property Tokai University Tohoku University
‘. incl. external members ' * Optimization of HT condition « High field magnet facility
* Microstructure observation  « Evaluation of d,;
+ Compositional analysis i
* Specification . Spec, .
Samples@ ﬁ Report « Design @ ﬁ R&D billets ngigl'I IR&D billets
] h . . \‘\\‘ I Y

Characterization Nb;Sn Manufacturer A Fab ri catio n ¥
|| Oguro/Tokai Univ. Sugano/KEK ’
[+ TEM * Mech. property |! ___NbsSn ManufacturerB | Kobe Steel / JASTEC
||+ Neutron Diffraction | | * Jc F k Electri
L urukawa cilec r|C|

Toru Ogitsu, SoftA Workshop, April 2021

u.s. DEPATME‘;;T OF\ C [ Oﬂ?lce HFM =
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IHEP Progress example: R&D of the NbTi+Nb;Sn Model Dipole Magnet

The NbTi+NbsSn dual-aperture model dipole was

developed and 1%t tested in 2017-2018, reached 12 T at N
4.2 K by replacing some new coils and increasing pre- -
stress during assembly . P
13 - )
12 Coant ‘
— ] - — — — — — 1_2 _______ .-.L"_“.:{_“._i“"‘_a.:..ﬂ“
1 v b A W I. |
o o ! E
210 H] = Coil I* - NbTi =
‘w s Coil 2" - NbTi - ok
Yﬁ + Coil 3"-Nb,Sn /IR
| « Coil 4°-Nb.Sn :
9k ) 3
» Coil 5 - NbTi
v Coil 6 - NbTi
= Power supply
8 | | | | | L | 1 | | | | |

Office of
Science

50 60 70

Training history

The R&D on High Field Magnets - Soren Prestemon -

80

90

100 110

120

FCC Physics Feb. 7, 2022

A~




IHEP Plans: Racetrack Coils with IBS Tapes, and 16T Dipole Magnet with LTS+HTS

« Two racetrack coils have been made using 100-
m length Iron-Based Superconducting tapes.

« The coils reached 86.7% of critical current of
the short sample at 4.2 K and 10 T, and 81.25%
of the quench current under self-field, with
highest compressive stress of 120 MPa.

IBS Nb,Sn NbTi

Office of
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» The High Energy Physics community has clearly indicated the science potential associated with a
future circular collider that probes significantly higher energies

=> The onus Is on the magnet community to determine what is possible and what is feasible in
terms of field strength

There is a concerted effort around the world to integrate teams of specialists and facilities to most
efficiently, effectively, and rapidly advance magnet technology

There Is also strong interest in collaborating internationally, where strengths and capabilities are
deemed complementary or can serve to accelerate R&D

We are at a critical period, where innovation and progress in magnet technology is essential
to enable the next generation of collider

We welcome the challenge while recognizing the responsibility!

Office of .
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A look at the timeline from the LHC

* Th h to next generation magn g
tecfew r?((;ilt) tofo? a;[ (?oel I iedea:rt ig c:onijl gleit' 1984: ECFA  *0YE% - 1992: TAP reaches 8.3T at 1.9K
day plex. o, Lausanne 2008: installation
0 Need R&D to probe concepts, develop % | 1995: first 10m prototype  completed
i = 1988: Ansaldo single |
and understahd pote_ntlal _ = aperture mo§e| ‘ 1998: first 15 m prototype
0 Need robust industrial suppliers of 2 (Perin,Leroy) reaches ! — o
conductor _% ’ 9,37 at 1 6K 1991: LHC Pink Book twin aperture design
. . | I
. O )
o Need to ready a given technology for T 1993: MTA reaches 9T at 1.9K
a project } 2000-2005: series
0 Need to develop industrial partners for 1980 1990| 2000 2010
magnet production | - >
o And finally need to produce reliable, PNV N M g VN . o
cost effective magnets for the next PN
collider %) @@(W
5 ] W W -”’ L
iy
Requires a strong ecosystem of T
laboratory, University, and industrial e m——m———
partners
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Nb3Sn accelerator magnet technology is - for the 15t time - being installed in a collider

2003
Subscale Quadrupole ‘ Subscale Magne
so N sm
0.3 m long \ / Technology Development 0.3 m long

110 mm bore No bore

90 mm bore

Coil design selectlon » TQ Mirror J
Technology Quadrupoles Long Racetrack
TQS, TQC LRS
1 m long 3.6 m long
‘ w No bore

I Structure selection Lessons learn¢

@ Long Quadrupole 4 Q
High Field Quudrupolc LQS hs o]
3.7mlong | o
12m I(’"E ' ‘ == 90 mm bore ¥ et
120 mm bore d % o ’
I

2015 | G

Long quadrupoles
Large aperture quadrupoles

U.S. DEPARTMENT OF Oﬂlce of

LHC / HL-LHC Plan HiLur Y

LARGE HADRON COLLIDER

Lst — Ls2 13- 14 Tev RN 14 Tev
eV —— VO QY
Diodes Consolidation
plice ¢ olidatio cryolimit LIV Installation HL-LHC
8 TeV v triplet
THN e by “nzr: p” l"“: eg,mm Civil Eng. P1-P5 3" tion limit installation

---—--||||||
ATLAS - CMS 5 x nominal Lumi
SXpSTET upgrade phase 1 ATLAS - CMS '/—'—'—'—__4

el nominal Lumi __‘L’_“”ﬂ‘_‘ ALICE - LHCb - 2 x nominal Lumi i HL upgrade
75% nominal Lumi upgrade

.‘ m’ integrated fRAUURIVE
e luminosity ELITE

DESIGN STUDY %3 PROTOTYPES / CONSTRUCTION INSTALLATION & COMM.”“ PHYSICS

HiLumi production is arguably “boutique production”

 What are the risks and benefits of full-scale industrial
production of Nb;Sn magnets?

* There is significant value-engineering that can be performed

 What elements of the design are “robust”, and what elements

generate risk/performance limitations?

ENERGY Science The R&D on High Field Magnets - Soren Prestemon - FCC Physics Feb. 7, 2022
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