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Physics motivation and strategic planning

* The physics drivers for a future High Energy Physics From 2020 ESPP-
: : : “Innovative accelerator technology underpins the physics
colliders are well documented by commumty p lannlng’ C.2 reach of high-energy and high-intensity colliders. It is also a
o US “Snowmass” process 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

0 European Strategy for Particle Physics

particular that for high-field superconducting magnets,
P5 recommendation 24: \ including high-temperature superconductors.”
Last US “P5” “The technologies under consideration include high-field

“Participate in global conceptual design studies and critical path magnets, high-temperature superconductors, plasma
R&D for future very high-energy proton-proton colliders. repo n~2014 wakefield acceleration and other high-gradient accelerating
Continue to play a leadership role in superconducting magnet structures, bright muon beams, energy revovery linacs.”
technology focused on the dual goals of increasing performance \ )
and decreasing costs. HEPAP Accelerator R&D Subpanel recommendations Vs >

Recommendation 5b. Form a focused U.S. high-field magnet R&D collaboration From 2022 SnowmaSS S ummer Study CIOSGO ut

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. i ACCE I e ratO r F ro ntie r llM essage"

Recommendation 5¢c. Aggressively pursue the development of Nb_Sn magnets Snowmass 2021

suitable for use in a very high-energy proton-proton collider.

Recommendation 5d. Establish and execute a high-temperature super- On R&D: We have an ongoing R&D program aimed at

conducting (HTS) material and magnet development plan with appropriate fundamental beam physics and long-term accelerator

milestones to demonstrate the feasibility of cost-effective accelerator magnets concepts and technologies (RF, magnets, beam physics,

using HTS. advanced concepts, targets & sources, etc):

Recommendation 5e. Engage industry and manufacturing engineering

. . . -
disciplines to explore techniques to both decrease the touch labor and increase All these items have broad appllcablllty across future

the overall reliability of next-generation superconducting accelerator magnets. accelerators with ideas generated by Universities and labs

Recommendation 5f. Significantly increase funding for superconducting * R&D is key to enable facilities for neutrinos, rare processes
accelerator magnet R&D in order to support aggressive development of new and colliders
conductor and magnet technologies. \ )
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Physics motivation and strategic planning

* The physics drivers for a future High Energy Physics 4 From 2020 ESPP- h
: : : “Innovative accelerator technology underpins the physics
colliders are well documented by commumty p lannlng’ C.2 reach of high-energy and high-intensity colliders. It is also a
o US “Snowmass” process powerful driver for many accelerator-based fields of
science and industry”
: : e particl= fcs community should ramp up its efforts
0 European Strategy for Particle Phvsics rh ) | 'ty should s eff
' * accelerator technologies, in
nature aqoute® e i
-field superconducting magneits
5(\0 1 p g rr g ’
P5 recommendation 24: _ 0\)\_ ot _ _ rature superconductors.
Explore content v About th- ‘\(\% ~snwithus v Subscribe der consideration include h;gh_ﬁejd
“Participate in global conceptual design studies and critical path . 0(\5 cO rature supercpnducf:}{'s, plasma -
R&D for future very high-energy proton-proton colliders. nature (655\ n and other high-gradient acceler afing
Continue to play a leadership role in superconducting magnet . s‘_‘\(’(\o n beams, energy revovery linacs.
technology focused on the dual goals of increasing performance ?\( )
and decreasing costs.” HEPAP Accelerator R&D Subpan: NEWS | 08 August 2022 ~

Recommendation 5b. Form a focused U.S. high= e Ly :
that is coordinated with global design studies for a Pa rtICIe phySICIStS want to 3 Summer StUdy CIOSGOUt
collider. The over-arching goal is a large improvem

Recommendation Sc. Aggrassively pursue the de bUild the world’s ﬁrSt muon ator Frontier "Message"

suitable for use in a very high-energy proton-prota

[ ]
Recommendation 5d. Establish and execute a hi COIIlder lave an ongoing R&D program aimed at
conducting (HTS) material and magnet developme am physics and long-term accelerator
milestones to demonstrate the feasibility of cost-e  The accelerator would smash together this heavier version of the chnologies (RF, magnets, beam physics,
using HTS. electron and, researchers hope, discover new particles. ipts, targets & sources, efc):

Recommendation 5e. Engage industry and manu

disciplines to explore techniques to both decrease s have broad appllcablllty across future

. , Elizabeth Gibney vith ideas generated by Universities and labs
the overall reliability of next-generation supercond _ _
Recommendation 5f. Significantly increase funding for superconducting * R&D is key to enable facilities for neutrinos, rare processes
accelerator magnet R&D in order to support aggressive development of new and colliders
conductor and magnet technologies. )
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Magnet technology is driving the cost and reach of a future collider

i O Existing colliders FCC V;iE/-LHC
100 [~ iy Collider concepts - T
(or cancelled) B
b

o
80 I~

| M
60 — :g’ qy\?} A A
-

Ecm([TeV]

20

{Cost/performance is the critical metric }
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Overview of Superconducting Magnet Technologies - Soren Prestemon

Accelerator cost distribution

SSC total
cost CERN cost estimates™:
Facilities
Hﬂ_ et $magnets/$tot
LHC:57%
HE-LHC:

- 70% (26TeV; NbsSn)

- 77% (33TeV; HTYS)

Lowering dipole cost is *L. Rossi, “TOE” talk

the key to cost control

2nd order reductions:
Eliminate HEB,

Main Quads

Main dipoles
82%

Barletta

From conductor to magnets

~—

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

Dominant cost drivers for a pp collider: Magnets and tunnel

- NAPAC, 2022 =



Advanced superconducting magnets impact DOE-SC more broadly

* Critical to Nuclear Physics: L

0.5

# QSER
Q4ER
o
o
'm
Tag@er 1
Roman Pots
B2ApF

Tagger 2

0 EIC — complex interaction region magnets
0 FRIB — high power ECR sources
0 JLAB — central to 12GeV Upgrade
* Critical to Basic Energy Sciences
O Novel end station magnets

x (m)

44
Eo
p<
<

o

=2.0 9

60 -40 -2
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0 Superconducting undulators H. Witte et al., IPAC 2021, doi:10.18429
* Central to Fusion Tokamaks and Stellarators

o0 Particularly for compact Tokamaks

Experiments with fast, stopped,
and reaccelerated beams

400 kW
B, superconducting RF
==, linear accelerator

production area and
isotope harvesting

P. Emma et al., Proceedings of FEL2014
Zhang & Calvi, Supercond. Sci. Technol. 35 (2022) J. Wei et al., this conference!
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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

-~

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

*,
.
.

-----------------------------------

Directed R&D (ex: LARP) >- Directed R&D
(Technology res SS) (Technology re
\ . Project I

\ (ex: HL-LHC AUP)

’..> §‘.... ] "E
& Project ¥

’

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

Office of
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Key challenges for high field magnets and associated superconductors

* Challenge 1: Mechanics of magnets and superconductors
0 Superconductors in accelerator magnets are subjected to complex stress and strain states

« Stem from magnet fabrication processes, differential thermal contractions during cooldown, and

Lorentz forces during operation
* Wind-and-react approaches introduce additional constraints on materials and processes

0 The conductor properties are intimately affected by strain
* Nb;Sn, REBCO, and B12212 are particularly strain-sensitive

— Irreversible regime needs to be avoided for accelerator application => impacts specs
— Reversible element needs to be considered in design for high-field magnets

- B 1K)

Ic(B, 4.2K)

Low-field instability
region (4.2K)

* Challenge 2: Improving conductor transport performance — with caveats...
=> higher efficiency => reduces conductor volume => reduces

Low-field instability
region (1.9K)

O HigherJ,,,

magnet size
=> may translate into lower cost and/or more operating margin o

Strand load line in low-
field region, assuming
other strands damaged

Nominal strand load
line in low-field region

Nominal strand
load line in high-
field region

* Caveats (Nb;Sn):
— Flux jump instabilities => need to reduce subelement diameter along with improved J,

¢ Caveats (Nb;Sn, HTS):
— Magnet protection must address J, during quench and extract energy to limit hot-spot
n needs to address mechanics

A~

— Higher J__ translates into hi

rrrrrr

- NAPAC, 2022
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U.S. MAGNET

Key challenges for high field magnets and associated superconductors LA SR

* Challenge 3: Diagnosing and characterizing magnet and conductor performance
O Magnet:
* In-situ measurements of stress/strain provide critical feedback to magnet design
* Magnetic field measurements (multipoles, including at ends)
0 Conductor:
e Ic, RRR are (of course) critical
* Microstructure and insight into failure mechanisms are extremely valuable

* Challenge 4: Accelerating the conductor-magnet feedback loop
0 The time-constants for magnet design-fabrication-test, and for conductor development, are long:
* New high field accelerator magnet designs take years to bring to fruition
* Development of new conductor architectures can easily take 5-10 years
=>To expedite the feedback loop we implement subscale and mirror magnet configurations
=> Are there new paradigms that can expedite conductor development?

0 A steady flow of conductor procurements 1s essential:
* Provides continuity to industry to maintain and develop processes and to innovate
e Provides timely conductor for magnet fabrication and testing

DEPARTMENT OF Offlce Of ~
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Integrated programs share common themes, but unique perspectives

US Magnet Development Strategic directions for the update plan:

Program {MDF) Goals: o Probing stress management structures
GOAL 1: o Hybrid HTS/LTS designs

Explore the performance limits of o Understanding and impacting the

Nb_Sn accelerator magnets with a focus disturbance-spectrum

on minimizing the required operating o Advancing both LTS and HTS conductors,
margin and significantly reducing or optimized for HEP applications

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
improvements and magnet cost
reduction.

GOAL 4:

Pursue Nb,Sn and HTS conductor
R&D with clear targets to increase
performance and reduce the cost of
accelerator magnets.

-S. DEPARTMENT OF Ofﬁce of o~
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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
improvements and magnet cost
reduction.

GOAL 4:

Pursue Nb,Sn and HTS conductor
R&D with clear targets to increase
performance and reduce the cost of
accelerator magnets.

U.S. DEPARTMENT OF

Office of
Science

'ENERGY

Strategic directions for the update plan:

o Probing stress management structures

o Hybrid HTS/LTS designs

o Understanding and impacting the
disturbance-spectrum

o Advancing both LTS and HTS conductors,
optimized for HEP applications

Tatal mgnal: keigthi [0

Hgé&%%%

cost-efficient processes

1 Development of robust and

Logical step for a next

phase (2027-203

b4)

Exploration of
new conceplts

and technolqgies

=
=
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Integrated programs share common themes, but unique perspectives

US Magnet Development

Program (MDP) Goals: o Probing stress management structures
GOAL 1: o Hybrid HTS/LTS designs
Explore the performance limits of o Understanding and impacting the

Nb_Sn accelerator magnets with a focus disturbance-spectrum
nn.minimizing the required operating o Advancing both LTS and HTS conductors,

margin and significantly reducing or optimized for HEP applications

Strategic directions for the update plan:

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
improvements and magnet cost
reduction.

GOAL 4:

Pursue Nb,Sn and RTS conductor
R&D with clear targets to increase
performance and reduce the cost of
accelerator magnets.
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U.S. MAGNET

US MDP Program strategy & goals: driving questions re: performance ( PROGRAM

 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

A. Zlobin et al., DOI:10.1109/TASC.2021.3057571

14.0 A

VA N . . .
19K 45K I1: Highest priority issue: degradation
e [1]: Highest priority g

Mechanisms; design mitigation

2 e [11]: Second priority: Initial quench current
E 12.0 —’
2 » and memory after thermal cycle
T VAU [II1]: Third priority: Training rate
Quench number )

Office of ~
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Magnets start with the superconductor - “low” and “high” temperature

REBCO

==N SuperPower Inc

Blectroploting

Copper Stabilizer

Silver Overlayer
M

(RE)BCO - HTS (epitaxial)

Y0000 ? LA
Y0000000000U
00000C

CORC®
ACTLLC

9 ﬁoﬂlce HFM

]Séieﬂ@é‘ Field Magnets
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Magnets start with the superconductor - “low” and “high” temperature

REBCO

Peter Lee, ASC/NHMFL

4 __
=N SyperPower Inc 10 Nb-Ti 42K LHCinsertion . Maximal I, at 1.9 K for entire LHC NbTi
C quadrupole strand . strand production (CERN-T. Boutboul '07).
L ’/ (Boutboul et al. 2006) Reducing the temperature from 4.2 K 5
| - produces a ~3 T shift inJ, for Nb-Ti
s [\
—— ~ | ¢ - e :
Copper S(Jbli“uu < >§$ \
006 Silver Overlayer o ! M \
Vugue
0 000000C Mocvt o E ‘x Peter Lee, ASC/NHMFL 2212 & 55x18 filament B-OST strand with NHMFL
: (RE)BCO - HTS (epitaxial) E = - - 50 bar Over-Pressure HT. J. Jiang et al.
BAD Mognetron Sputtering S \
Buffer Stack <C 3 )
~02 pm Substrate 3 B . = v
A - 2223: B || Tape Plane
c 5 / Sumitomo Electric (NHMFL)
== p
20 ym 8 ¥ e —a—— o -
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U.S. MAGNET

Significant advances in Nb;Sn by introducing new pinning sites DEVELOPMENT
* Path to “FCC spec” wires exists & T e )
0 Powder-in-tube” approach advancing T i} '
0 Also exploring Hf doping in “internal Tin” approach %
j g 4 < rrewtenes | Tarantini et al.,
Nature Scientific
X. Xu, SoftA Workshop, CERN, 2021 R W wa we ww | Reports, (2021)
See also Xu et al., J. AlloyCompd.857,158270(2021) 5 oo 50 p ’
11:17845
1600 10 ‘ S. Balachandran et
A | | | 4.2 K al 2019 SUST 32 - Wire axis 1
1400 . bE T » 1 ﬂ
" APC-Hf-61-A-0.71-705C/60h &

S 1200

N

An APC wire

mm

APC-Hf-61-B-0.71-705C/80h

Normalized F

2 1000 04 L |
~° 800 A typical RRP wire
=] 02 | :
Q600

g

) 00—
Z. 400 01234567 8 910111213 14

Magnetic field, B, T

200 r Hi-Lumi RRP-
0.85-665C/75h

16 18 20 22 24 26
Magnetic field, B, T

s on) %oﬁ HFM o
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The HTS material Bi2212 has made dramatic strides

U.S. MAGNET
DEVELOPMENT
PROGRAM

* Round 1sotropic wire
* Requires challenging heat treatment
* MDP working towards hybrid magnet test

(a) LBNL 9-strand Bi-2212
Rutherford cable

N\

Bruker OST wire + nGimat powder

S. DEPARTMENT OF

ENERGY

Office of
Science

l; 4500 - + NHMFL OPHT

N PMM170123, RC5 strand

3 4000

3 3500

@ 3000 - OST wire + Nexans powder —

= NHMFL OPHT N\ / % LBNL RCS
£ 2500 - o

S 2000 - ~ LBNL RC1, SSL
~° 1500 OLBNLRC1
o osT NHMFL 10 bar

[ -4 N e ] OST

; 1000 E]/CI - OP solenoid,
() 500 - / QO

E 0 e Ol solenoids

o 0 - Heine

S 1985 1990 1995 2000 2005 2010 2015 2020

2000

400 4

0

HL-LHC Nb_Sn strand

0

2

T ——————————————————
4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
B(T)

\ ) ) _ Year )

2020

Ribs OD
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U.S. MAGNET

The HTS material Bi2212 has made dramatic strides PROGRAM

(a) LBNL 9-strand Bi-2212 (b Mullite only
Rutherford cable

* Round 1sotropic wire
* Requires challenging heat treatment
* MDP working towards hybrid magnet test (

SCIENTIFIC REPLIRTSE

OPEN' Stable, predictable and training-
s free operation of superconducting
Bruker OST wire + nGimat pa Bi-2212 Rutherford cable racetrack
l; 4500 - + NHMFL OPHT d: 23 April 2019 . . .
& PUMITONZS RCSatrand 7 meant coils at the wire current density of
> 4000 ed online: 15 July 2019
v ’ 1000 A/mm?
Q" 3500 Tengming Shen(®?, Ernesto Bosque?, Daniel Davis'?, Jianyi Jiang?, Marvis White?, ;i e =
Kai Zhang, Hugh Higley?, Marcos Turqueti?, Yibing Huang®, Hanping Miao®, Ulf Trociewitz2, p——
@ 3000 | ::L:Llr;;:: MO o ENE i"/ . E:ic'Heal;%romZ?Jeﬁrz;;arre?F‘ftfndrreqwilunt’, S:gphei:lnGgourI:;f, ggrena:resten:zrc\f& . éﬂ%@{ %%
S 55 \/ ¥ LBNLRCS David Larbalestior i Shen & Fajardo, Instruments %@,@g@%
£ X . Previous ‘\0\0 3
< 2000 o LBNLRC1, 5L o~ 800 LHC record-performance - 2020
:o 1300 O LBNL RC1 < Nb-Ti strand Bi-2212 strand
o O8T NHMFL 10 bar
— - e ] O ST 400 - - F==gNATIONAL
S b /D | OP solenoid, Ribs oD AGLAB
N 500 - /D { {\ b 1 Inter- m
~ 0 Iec Ol solenoids i . BRUKER
o 0 - Heine 0 LB B W e  m m  m m m m m e ‘\
— . . . . . r Y 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32
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HTS material REBCO has broad appeal, sighificant growth

U.S. MAGNET
DEVELOPMENT
PROGRAM

* Produced in tape form, no
reaction needed

* Many international suppliers

0 A few scaling up
production significantly
to meet demand from
fusion

0 Potential for significant
cost reduction, but not
manifesting yet

* Anisotropic properties
0 Ic, mech., magnetic

* Cable architectures being
explored/developed

o HEP, FES

0 Does current sharing
make REBCO cables
tolerant of flaws?

N Offlce HFM

‘1 mm mandrel O.D.

D. van der Laan, Advanced Conductor Technologies LLC

“f  Twisted conductor

Coolant channela

YECOD Stacked

Copper Support
Wires

Perforated Tube

Stainless Sieel
Cmchunt

M. Takayasu, L. Chiesa, L. Bromberg, and J. V. Minervini,
SUST, vol. 25, no. 1, Jan. 2012.

N W. Goldacker et al.,
hl — . |TAS 173396-401

G. Celentano et al., TAS,

vol. 24, no. 3, pp. 1-5.

Jacket  Slotted core™

Top view af the cable

D. Uglietti, R. Wesche, | 4 9" L e
and P. Bruzzone, TAS, ] ﬂ‘“’f& g
vol. 24, no. 3, pp. 1- e
4.
2y xind
Sicle view of the cahle )
\'{”fj;nﬂ} +

28 strands, Cu 620 mm?
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U.S. MAGNET
DEVELOPMENT

The “magnet zoo” in colliders are (to-date) all based on Cos(t) designs ) peveoen

*R&D magnet designs G
explore layouts that attempt -
to address 1ssues associated “ B
with conductor strain (to X =S
avold degradation) and
reduction of conductor/coil
motion (to minimize

TAMU

training)
4.5T 5.3T 3.5T

*At high field and/or large o
bore, “managing” stress N
through judicious force mmm SO (EOH A
interception will be required «p: ) » NOP

' &\ — @

Shiltsev/Zlobin, (FNAL) SSC, 50mm LHC, 56mm LTS;T’??J(m VLHC, 43mm

6.6T, 4.3K 8.3T, 1.9K 10T, 4.5K

FNAL/CERN

Office of
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Stress-managed structures avoid force accumulation 4™\ US MAGNET

DEVELOPMENT

- at the expense of more interfaces \ PROGRAM

 Interception of azimuthal forces holds promise to enable high-field and large-bore dipoles — break the
traditional scaling of stress with bore and field

* Use new design concepts as opportunity to introduce cost-effective fabrication processes

B xwJy = o9 x JoBr 0.5 X JoB ~ F

“Traditional” Cos-theta “Stress-managed” Cos-theta “Canted” Cos-theta

- Midplane stress due to azimuthal - Groups of turns, azimuthal forces - Every turn has azimuthal forces
force accumulation intercepted by support intercepted by support

e O

U.S. DEPARTMENT OF Ofﬁce Of
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U.S. MAGNET

For very high field magnets, a “hybrid” HTS/LTS approach is most efficient ) DeveLopuEnT

PROGRAM

* Design studies .
underway to explore
20+T dipole concepts

0 Optimal use of
superconductor

o0 Comparative stud:

0 Identify research
directions

therefore, they are not comparable among themy From left two right: Cos-theta (CT) design, with 4 (top) and 2
\/

(bottom) layer Bi2212 coils; Stress managemen design, with 4 (top) and 2 (bottom) layers Bi2212 coils; Canted Cos-theta (CCT) design,
with 4-layer Bi2212 coil; Block (BL) design, with and without stress management; Common Coil (CC) design, with Bi2212 (top, with 3 external Nbs;Sn layers,
and center, with 5 external Nb;Sn layers) and REBCO CORC coils (bottom, with 4 external Nb;Sn layers). For all the CC designs, only one aperture is shown.

See Snowmass whitepaper “A Strategic
Approach to Advance Magnet Technology
for Next Generation Colliders”
arXiv:i2203.13985

S. DEPA TMENT o;\\\\ ﬂ:ofﬁce HFM
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U.S. MAGNET

For very high field magnets, a “hybrid” HTS/LTS approach is most efficient DE Y ELOPMENT
* Design studies 5N
underway to explore S— g
20+T dipole concepts
0 Optimal use of Rigid el
superconductor Structure

Separation i

0 Comparative studs
p - Allowed

0 Identify research o
directions Intercoil . - ==

Fig. 6. Cross-sections of] s of field

quality, mechanics, and ¢ P & : op) and 2
(’bpttom) layer.B12212 co Frictionless [) design,
with 4-layer Bi2212 coil; Contact i | nterlayer Sn layers.
and center, with 5 externad . Bon de d lis shown.
Rt m=saasaaaan A ; : T ContaCt

See Snowmass whitepaper “A Strategic
Approach to Advance Magnet Technology
for Next Generation Colliders”
arXiv:i2203.13985

Example: “stress-managed Cos(t)” concept, inner 2 coils
bi2212; analysis underway to find solutions within
conductor degradation limits
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Magnet modeling & diagnostics are developing rapidly

- key to advancing technolog

* “Eyes and ears” on conductor and magnet behavior I D S M O 1 First Workshop on Instrumentation and

Diagnostics for Superconducting Magnets
(0) GUlde R&D Berkeley, California, USA 24-26 April 2019

O Critical fOI. magnet pI‘OteCtiOIl Operation The superconducting magnet community is pushing boundaries of magnet systems operating closer
)

than ever to the stress and current limits of technical superconductors. Obtaining such high
performance heavily relies on diagnostic instrumentation and data analysis. We are witnessing a broad
effort in developing novel techniques for magnet diagnostics geared towards solving long-standing
problems such as training, determining quench origins, and identifying quench-driving factors.

* Advances on many fronts:

0 Fiberoptics, acoustics, quench antennae;

. The First Workshop on Instrumentation and Diagnostics for Superconducting Magnets (IDSMO01) is
MOdellng, AI/ML, HPC aimed at defining a common strategy in diagnostics, and establish a platform for exchanging and
circulating new ideas. While focusing on instrumentation and diagnostics, we also welcome

O
0] Cryogenic electronics contributions on forward-looking, disruptive concepts and ideas relevant to superconducting magnets
O

and their applications.

Conductor and cable QC, magnet monitoring
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PROGRAM

A sampling of diagnostics developments - driven by MDP needs, 4™, US. MAGNET

but with broad impact to magnet technolog

Machine Learning

Goal: Use unsupervised learning to investigate physics
(cracking vs. stick-slip) in magnet quench dataset

Stretch goal: Develop method to predict the quench in real-

time
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A sampling of diagnostics developments - driven by MDP needs, ™\ UsS MacNeT

DEVELOPMENT
PROGRAM

but with broad impact to magnet technolog

Machine Learning Active acoustics
Goal: Use unsupervised learning to investigate physics
(cracking vs. stick-slip) in magnet quench dataset # G #
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U.S. MAGNET
DEVELOPMENT
PROGRAM

A sampling of diagnostics developments - driven by MDP needs,
but with broad impact to magnet technolog

. YBCO coil instrumented with
pulser and receiver piezos

FPGA board

Amplifier

\.

First successful cryogenic (LHe) test of
an FPGA digitizer with analog front end

U.S. DEPARTMENT OF

ENERGY

Office of
Science

Overview of Superconducting Magnet Technologies - Soren Prestemon - NAPAC, 2022

Machine Learning Active acoustics
Goal: Use unsupervised learning to investigate physics
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DEVELOPMENT
PROGRAM

Technical progress on current distribution, quench detection for REBCO g\ S acHeT

: R. Teyber et al., DOI: 10.1109/TMAG.2021.3092527
SBIR PH II with ACT J D Weiss et al 2020 SUST 33 O\ - Tey ' /
Quench detection for CORC® cables using Hall sensors 00054, Current = 108 [A]
We have built a new type of axial-filed Hall sensor arrays and — Ssensor 1 f![
demonstrated robust detection of quenching O / Hoa
0.0004 -
Lo.2
< 0.0002 : _
. | E
£ 0.0000 - ﬁ 0.0 3
* ~0.00021 q o, Developing a Hall probe scanner to
e = measure 3D field distribution around
104 a CORC® conductor and recover
—0.0006 - . . 5 °
corresponding current distribution
-10 0.8 -06 04 0.2 00 using inversion of Biot-Savart law.

time [s]

0.08
0.16
0.24

Collaboration with
ASC/NHMFL/FSU

Unique setup to independently power
and apply arbitrary ramping profiles to
ReBCO conductors in the CORC® and
tape stacks and monitor current flow
using large-scale Hall sensor array.

./
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SN

Wide array of modeling advances underway to support diagnostics ™\ US MAGNET

feedback and to optimize magnet systems

Strain impact on operation

Mechanics and thermal

Magnet Protection
processes in conductors

HTS Coil

Iron Loading Pad

Key

Inconel Insulator

Mandrel

NbzsnsiHrenze

Cufint)

CLIQ optimized through simulation

A7 RCB o
- - \
- Epoxy resin
- Stainless steel sheet
=
T 2
= ] Critical Current
-
- " ‘
=
Fidbad ey e Bl "Woegye Wil fes B b i sraairme] ROXIE s:
First test of CLIQ on Bi-2212 common coil, 77 K: comparing simulation and measurement
Magnet Current CLIQ Voltage Magnet Voltages é 26
= = =z 0.03
o f
V N —t L 24
2 oA \'\"""\/\'\',_/\ﬂ/"vv\,, T “‘\ o | Testoem \/{a.m
: / Toromn 3 s
° 1 \ * | rocoms 60/61 RRP
Sm\‘\‘/ ‘ | gemsaca . Minimum Guanen Energy (1]
T e e 006 007 008 009 01 0.0 0.12 “Heat diffusion in Nb;Sn strands”, E. Barzi,
X-axis [Hl- .
to be published.
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U.S. MAGNET

Current focus areas and key challenges ) peveLopment

* Can stress-management provide a viable means of accessing high-field and/or large bore dipole magnets without risk of
conductor degradation?

* Can hybrid LTS/HTS magnets deliver on the promise of efficient high-field dipoles
0 Will they inherit the “best of both™ or the “worst of both”

* Advance HTS magnet technology to a respectable level of maturity
=> make it “real”

* Advance diagnostics and modeling to further enhance our insight
into magnet performance and issues

* Overcome the advanced Nb;Sn architecture 1ssues and mature
them to industrial levels

* Provide a substantial and timely quantity of conductor for
magnet research and feedback to conductor development

Office of ~
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U.S. MAGNET

Current focus areas and key challenges ) ProcrAM T

* Can stress-management provide a viable means of accessing high-field and/or large bore dipole magnets without risk of
conductor degradation?

Can hybrid LTS/HTS magnets deliver on the promise of efficient high-field dipoles
o0 Will they inherit the “best of both” or the “worst of both”

Advance HTS magnet technology to a respectable level of maturity
=> make it “real”

Advance diagnostics and modeling to further enhance our insight
into magnet performance and issues

Overcome the advanced Nb;Sn architecture 1ssues and mature
them to industrial levels

Provide a substantial and timely quantity of conductor for
magnet research and feedback to conductor development
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Plans and Roadmaps are well advanced globally

US MDP — well established (arXiv:2011.09539) - ik
European HFM — roadmap established (arXiv:2201.07895 aniversit mp“ ”“‘C_“_““‘i'"””“' ..PFL
Japan efforts at KEK - coordinated with CERN and MDP : — Baggn

* China efforts led by IHEP — progressing well iri g Eé.z G2E Lab —
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* The High Energy Physics community has clearly indicated the science potential associated with a
future circular colliders 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 1s 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 — nationally and 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 new science

We welcome the challenge while recognizing the responsibility!
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