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U.S. MAGNET

PROGRAM Outline

* The US Magnet Development Program — structure, vision, and goals
» Aligning the US accelerator magnet community with future collider needs
* The US Magnet Development Program — plans and progress
» Future directions:
o New paradigms:
» Operation and Protection of HTS magnets
» Active/dynamic local powering of magnets for safety, field quality, etc.

» Sustainability/energy consumption => HTS opportunity, cryo-considerations

» Opportunities to join forces: Initiatives in HEP, FES, and High-Field Magnets
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U.S. MAGNET
DEVELOPMENT

PROGRAM General management structure of the US MDP

Integrates the teams from LBNL, FNAL, BNL and the ASC/NHMFL N e e - "

Program Manager - K. Marken

*A “G7” Management Team meets weekly and provides oversight of the
day-to-day progress of the MDP technical Areas

Monthly program updates to Division and Physical Sciences Area Directors | uence kel NatonalLaboratory
Natalie Roe

ATAP Division Director
Cameron Geddes

= o o e e e e e e

G7 members

Magnet Development Program A e g ry

Kathleen Amm BNL ™ G- Velow, Deputy sommiees
Lance Cooley ASC/NHMFL

Paolo Ferracin LBNL

Steve Gourlay FNAL | e e [
David Larbalestier ASC/NHMFL 3 fevelpment ndRED

Soren Prestemon LBNL (Head)

George Velev FNAL (Deputy) O

o Office of US MPD Steering Council
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U.S. MAGNET

o GuUidance and Oversight of the US MDP

. . . . DOE Office of HEP L MDP Steering
*A strong Technical Advisory Committee (TAC) advises us on strategy and Research & Tecnlogy Div. -G, Crawford Coyni
. rogram vianager — A. varken '
technical performance ;
*Oversight is provided by a Steering Council ;
Lawrence Berkeley National Laboratory E
Associate Lab Director, Physical Sciences :
) ) ) NatalieRoe . 3
Technical Advisory Committee ATAP Division Director 5
Andrew Lankford (Chair) University of California, Irvine cameron Geddes |
Giorgio Apollinari Fermi National Accelerator Laboratory |
Joseph Minervini Massachusetts Institute of Tech. (retired) i
Mark Palmer BrOOkhaven NatIOna| La bOratOry Magnet Deve]opment Program TechnicaI!Advisory
Amalia Ballarino CERN S. Prestemon, Director Committeee
: G. Velev, Deputy
Toru Ogitsu KEK

Steering Council

Harry Weerts (Chair; DOE representative) Argonne National Laboratory (retired) el IDarrm Bl e
Tor Raubenheimer (DOE representative) SLAC National Accelerator Laboratory feveiopment neRe
Michael Witherall (or designee) Lawrence Berkeley National Laboratory
Lia Merminga (or designee) Fermi National Accelerator Laboratory
Gregory Boebinger (or designee) Florida State University / NHMFL
JoAnne Hewett (or designee) Brookhaven National Laboratory

Py us osearTvenTor | Office of US MPD Steering Council
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The MDP has matured and the

MOA between collaborating institutions Is signed and In effect

Memorandum of Agreement

among

%, The U.S. Magnet

Fermi National Accelerator Laboratory,

The Regents of the University of California, managers and operators of Lawre
Berkeley National Laboratory,

National High Magnetic Field Laboratory at Florida State University,
and
Brookhaven National Laboratory

for the
US High Energy Physics Magnet Development Program

1. Introduction
The Magnet Development Program (MDP) is a collaboration among the following instit
— Fermi National Accelerator Laboratory (FNAL), The Regents of the University of Cali
managers and operators of Lawrence Berkeley National Laboratory (LBNL), the N;
High Magnetic Field Laboratory (NHMFL) at Florida State University (FSU) and Brool
National Laboratory (BNL). This Memorandum of Agreement (MOA) provides the ¢
framework for the business relationship among the signatories and institutions f
development of transformational technology that will drive superconducting magne
materials to substantially increased performance at lower cost. While this collabors
among a group of four separate entities, and each intends to perform work under thi
as separate entities and no new legal entity is formed as a result of this MOA or prog
is the intent that the entities engage fully among the group as partners, and the patr
this MOA may be referred to as Partners or Parties (or individually as Partner or Pa
convey the strong level of commitment among the group. DOE OHEP plans to p
funding for this Research & Development (R&D) effort to the collaborating me
conducting the work pursuant to appropriate funding requests demonstrating sui
scientific and technical merit for the proposed work, and subject to availability of fun

.
2/ Development Program Plan

Approvals

The undersigned concur with the terms of this Memorandum of Agreement:

&’“"3"{7 M”’“"’?j“h Date:  08/05/2019

Sergey Belomestnykh
Chief Technology Officer, Fermi National Accelerator Laboratory

W o Wl Date:  07/30/2019

Michael Witherell

Director, Lawrence Berkeley National Laboratory 5 —~a : S. A. Gourlay, S. O. Prestemon
TR Lawrence Berkeley National Laboratory
Berkeley, CA 94720

A. V. Zlobin, L. Cooley
Fermi National Accelerator Laboratory

% 4 ';‘5 A \ , i ASEEeE o - Batavia, IL 60510
08/05/2019 Y/ C

Date: "
Gregory S. Boebinger i ‘ et comamat
. . . . . . . . : 4 \ Florida State University and the
Director, National High Magnetic Field Laboratory, Florida State University | : : _ Nouiat Hish Maceatic P Laboratory

Tallahassee, FL 32310

JUNE 20186

Date: 08/05/2019 —p s ", U.S. MAGNET

‘ " 4 »,
Doon Gibbs \_ /) ProcRAM

Director, Brookhaven National Laboratory

#9%. U.S. DEPARTMENT OF Office of
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() §E§£§$§LT The US Magnet Development Program was founded by DOE-OHEP to
advance superconducting magnet technology for future colliders

Us Magnet Development
Program (MDP) Goals:

GOAL 1:

_\ Strong support from the last Physics Prioritization Panel (P5) and
% The U.S. Magnet its sub-panel on Accelerator R&D
’ Development Program Plan

Explore the performance limits of

Nb_5n accelerator magnets with a focus
on minimizing the required operating
margin and significantly reducing or
eliminating training.

A clear set of goals have been developed - guide the program

Technology roadmaps have been developed for each area:
LTS and HTS magnets, Technology, and Conductor R&D

GOAL 2:

Additional goals:
 Further develop and integrate the teams across the partner
laboratories and Universities

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.

* |dentify and nurture cross-cutting / synergistic activities with

o= el Mttty other programs onl s
Berkeley, CA 94720 = v
el 7555 2 OB The 2020 Updated US MDP Roadmap document: M LT,
Batavia, IL 60510 ) magnet design and technology that
I arXiv:2011.09539 can lead to substantial performance
Florida State University and the improvements and magnet cost
s B kh : reduction.
- N rogknaven -
JUNE 2016 - A National Laboratory GOAL 4:
rf/r}‘ ‘"'l Pursue Nb.Sn and HTS conductor
(7 U.S. MAGNET _ R&D with ﬁllnar targets to increase
o BERKELEY LAB performance and reduce the cost of

accelerator magnets.
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U.S. MAGNET
PROGRAM T The program has well-defined goals, and is structured with technical

coordinators who are tasked with organizing technical Areas

. usm t D | t
Magnets Coordinator agnet Developmen
Program (MDP) Goals:

Cosine-theta 4-layer Sasha Zlobin GOAL 1:
Explore the performance limits of
Canted Cosine theta Diego Arbelaez J Nb,Sn accelerator magnets with a focus
on minimizing the required operating
Bi2212 dipoles Tengming Shen margin and significantly reducing or
eliminating training.
REBCO dipoles Xiaorong Wang > GOAL 2-
Develop and demonstrate an HTS
Technology area Coordinator accelerator magnet with a self-field
of 5T or greater compatible with
. . . operation in a hybrid LTS/HTS magnet
Modeling & Simulation Lucas Brouwer for fields beyond 16T,
Training Reduction Stoyan Stoynev GOAL 2:
_ _ . Investigate fundamental aspects of
Novel D|agn05t|CS Maxim MartCheVSky magnet design and technology that
S can lead to substantial performance
Material studies Steve Krave L
reduction.
20T design studies Paolo Ferracin —
Pursue Nb,Sn and HTS conductor
R&D with clear targets to increase
Conductor Procurement and R&D lan Pong ) performance and reduce the cost of

accelerator magnets.

<% U.S. DEPARTMENT OF Office of

“U/ENERGY | science S. Prestemon or \ [ ¥ Materials and Magnets  KERY&%Rtary 22 2019



U.S. MAGNET The magnhet community was strongly engaged in the recent
US Snowmass process, and is highly organized

PROGRAM

. . Submitted to the Proceedings of the US Community Study Com m un it diSCUSSEd ro ram m a tiC
* The US MDP organizes and focuses a multi-lab on the e of Partlcle Physes (Sncvnase 2021) y prog

team on accelerator magnet R&D in the US evolution to meet HEP needs

. . . A Strategic Approach to Advance Magnet Technology for Next - 60 LOIS
0 Strong international presence, record dipole Generation Colliders S

_ Nowmass g - 20 Whitepapers in ArXiv
magn et, adva nces In HTS magn et Authors (alphabetical): , G. Ambrosio?, K. Amm?® M. Anerella®, G. Apollinari?, D. 21 Pro p p
t e Ch n OI o gy Arbelaez', B. Auchmann®, S. Balachandran®, M. Baldini®, A. Ballarino®, S. Barua®, F :
’ EEE

Barzi?, A. Baskys!, C. Bird!, J. Boerme!, E. Bosque?, L. Brouwer!, S. Caspi!, N. Wh/te Paper 0

Cheooonr? (3 Chlachidze? T, Clanlev? D Davic?! D Nietderich! T DiMarea? T,

Feasipjjj Edge ¢
n mgm I//ty-d/.r eChnO/O
0 Reviewed positively by OHEP Developing technolo - €Cled lLEAF 9y And
read, Pro r ;
pINg gY cadiness demeo, Pevelop -29ram aimed o
Marinozzi*, C. Messe', J. Minervini Myers!, M. Naus', I. Novitski?, T. Ogits C/fCU/ar C / . NbsSn ht i
M. Palmer?, 1. Pong', S. Preste unyan®, G.L. Sabbi!, T. Shen!, S. o //der dcc Ier o Str.
Stoynev?, T. Strauss?, C. Tarantini¥} R Trociewitz!, M. Turqueti’, u“ifOrm. agnet at of 'TE)(t
. . . Turenne?, D. Turrioni2, G. Vallone!, G. Velev™ engo™!!, L. Wang!, X. Wa It ) S wij ge :
* The HL-LHC AUP team is delivering state of the X, X0%, A, Yomamoto®®, §. Yl + 71-5-2 o V> and p; op th low, Neration ¢e I
. [ ] [ ] [} [} e H o
= = ! Lawrence Berkeley National Laboratory, Berk f b I tln ov gy f
a rt m agn ets fo r H I Lu m I 2Fermi National Accelerator Laboratory, Batavi D e m O n St ra t I n g e a S I I Ity © A_Pollinar,- . g o In th ed r or Or
3 Brookhaven National Laboratory, Upton, N i NQL?'OHQ:? Vlto LOmbard e 12‘14 T mance
YASC / NHMFL / Florida State University, Tallahassee, FL 32310, USA . Ambrosjg ’ *Cor ACCﬁ’/erqt ran
A h . I . d i SKEK, Tsukuba, Ibaraki, Japan 0a ok Apollinar;* M Tesp Ondip orlabo g g
0 As the project culminates, deep expertise KEK, T, T T 12V, Ko M. | Gatione] Oug, a
" " . " " University of Ca}zfomm, }mme, CA 92697-4575 Peng, 1. Piekar, Qwr, E’/Zwo FG'rra Sor, /vaS ,q/VD € €orge Vel
will become available that can significantly Uniersityof WoconsiEo o, Ea Gl W1 54702400 R € ferv = 70ten P "G oo, o
aul Scherrer Insititue, Villigen, Switzerlan "-Zl)onding Auth, o . /VDU M7]
10 Massachusetts Institute of Technology, Cambridge, Ma. CTv EST
accelerate magnet development for the next gt Tnstitute of Technology, Combridy Focusing on cost reduction e, Ofesﬁo,\,%g%%
u M. Anere]] . . - Per o, AC
B '/ " 3 ", £1. ~iu el IR W) H {4 €,
C OI I I d e r T0okhavey Nationa) Labo;.,,?;f 'he Majn 8037}-’ Needey for ‘Hineq in this {gﬁplied S e Coopy, ,, S/'lf;z:? 44‘0@/& QLEM%WU&;
Accelerator Frontier (AF), Multi-TeV Colliders (AF4) & Magnet. bro Is X eratj wh 2 CngpL }';{] Cong, rs aviq ass 1 Ht@flrmnt. SECTOSJUR[/VG
P. Ferracip, Po dron h duce / mas On 3 Sand Fiﬁi uﬁ’Engricg,Sﬂ;m Cen lestjg, ., ler O /
@Wrence Beyge) "8, S. Prestey hi her der (HL- Fat~ S¢ & . e"tonja‘g t:f?”}'é nU”""ere T lAse, g g,

Or[es

The magnet development scope highlighted in these coordinated proposed (2 pri“;'ij%en;;f;’;g:,, o g,
efforts would address FCC-hh and Muon Collider magnet technology needs | ‘

',:;;76n;zo}:fi’;z‘fdghfoZfo’?;ijjg Assu rj ng supercon ductor _i ndustry
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U.S. MAGNET

ociav A key early MDP result was the record 14.5T “MDPCT1” dipole

Record fle'd- E = 20 _—
1] s E E E
5T I Es g
FNALl - fE g o83 ! 529%S - N Z o
5 = = & L 2) - TN @
| s 2 so 2@ o~ SLOF — [ 2 =
= 5 o~ L2 2 o e
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e a g 838 = 5 E pE B9
c s QO < A =2 4820 Qo il = B Q@ O
o0 5 2 c ] N oguLua T a S o S ol
® 3 & r £ o8F o o o0 @
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5 - Ol A = s S22 T S v =~
Y A - 8 55T S o
A s 2 ; Q S
(aa]
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P et | y

15.0

Bottura, Prestemon, Rossi, & Zlobin, Front. Phys., 12 October 2022

%.13_0 /MDP Perspective: h

E”'“’ [1]: Highest priority issue: degradation mechanisms; design mitigation

o [I1]: Second priority: Initial quench current and memory after thermal cycle
L N '”I - /.\I . y @II]: Third priority: Training rate y

Quench number

d-“}““\ U S. DEPARTMENT OF Ofﬁce Of

J EN ERGY Science US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023 10/30/2023




U.S. MAGNET

PROGRAM Central themes of MDP magnet R&D

* Develop stress-management concepts to enable high-field
accelerator magnets with strain-sensitive materials (Nb3Sn, HTS)

/

* Understanding the disturbance spectrum and its control
O Study training, operating margin, and means to mitigate/reduce

*Develop and demonstrate REBCO and Bi2212 magnet technologies

* Explore the viability of hybrid HTS/LTS magnets for efficient high-
field accelerator magnets

* Work with industry to advance superconductors tailored to HEP
heeds

T OF Office of

=% U.S. DEPARTMEN

rJ:g;“ oLy \%f .

< (A ) : _ :

u;, ENERGY Science US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023

;
)
)

a

Use fast turn-around platforms
(subscale magnets, mirror magnets, etc)
Develop and apply advanced
diagnostics, modeling

Explore “Quench Current-boosting”,
high-Cp concepts, etc.

AV

Focus on developing conductor / cable /
coil / magnet processes, identifying key
Issues

e

Leverage elements above to design
optimized high-field configurations

N

Longstanding nexus between Labs,
Universities, and industry in the US
Example: Annual Low Temperature
Superconductor Workshop >40+ years!

10/30/2023




U.S. MAGNET

PROGRAM Subscale magnets as a platform for rapid development

Training comparison - CCT
09 J s | o

*”Canted Cosine Theta” (CCT) is limiting case of stress-management
O Every turn supported - minimal azimuthal accumulation of force
O Subscale probes relevant stress state 08 ]

* Test demonstrated that the subscale magnet exhibits similar
training to “full scale”

1 © S5 o CCT Subscale 2
: O . | s .... Thermal cycle CCT Subscale 2
Strand J,xB (RRP 132/169) ] & | o
40 ; 1 . . ; . ) O O 9
o 1k .... Thermal cycle CCT5
35 ] & o CCT4
051 & -
o _ 30 ‘rrr':‘:';;1‘1'1"1111‘;.1
- 0 20 40 60 80
| ubscale at Quench number
o short sample CCT4 — Epoxy filled interface (CTD 101k)
5 % CCT5 — Bend and shim interface (FSU Mix 61)
515- i
ol Lorentz force density
peaks at4.5 T
50 é :1 f:j“) é 1IEI 1I2 114 ------

B(T)

o Office of

,:\‘?—‘?"‘: U.S. DEPARTMENT OF
::;f:' ‘E l ) ) -
3) ENERGY Science US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023 10/30/2023



U.S. MAGNET Subscale magnets are used to evaluate impregnation

DEVELOPMENT
PROGRAM

materials - the return of Paraffin Wax!

* A subscale CCT (CCT_sub_6) was built with two coils, both 10500
ImpregnatEd Wlth Paraffln wax 10000 CCT_sub6
9500 ERERE_N
* Dramatic impact on training and margin 0000 e
0 Only two "training” quenches, located in leads = 8500
0 Highly reproducible quench current (~9500A) ‘g o0 CCT_sub 2 o 0ue0™% o
/The test leads to critical new questions:
| * What characteristics of wax are central to this result, i.e. what is the physics behind this?
* |s wax (or an equivalent) viable for high-field stress-managed magnets? Sub_2
* Do these results hold through multiple thermal cycles? .-
1 leads sub 6
JalV €l c U U U J 14 3 .ayersub_(ﬁ
5000 ™ = Holding
0 10 20 30 40 50
* Recent tests using Telene (on a different “platform”) also Quench #
suggest dramatic reduction/elimination of training
o Collaboration between FNAL, ANL and NIMS Test performed at LBNL Aug 29", 2023

0 See presentation by E. Barzi!

,;\“?—3"3% U.S. DEPARTMENT OF Office of
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U.S. MAGNET
DEVELOPMENT

Managing mechanical stresses is key to higher fields -
exploring stress-managed structures

4 ® ° N )

PROGRAM

B xwlJy = 09 x JoBr O'Q’SM X J()B ~ Fp

“Traditional” Cos-theta

- Midplane stress due to
azimuthal force ()

accumulation
\_ O O / \_

®

)
“Stress-managed” Cos-
theta

()

- Groups of turns, azimuthal
forces intercepted by support

* Critical for strain sensitive Nb;Sn & HTS conductors
* Characterized by significant interfaces

Nb,Sn outsert

These “stress-managed” structures may enable
combined function high-field accelerator magnets,
which are subject to complex force distributions

Serves as good candidate for

HTS insert muon collider ring dipole

T OF

5%, U.S. DEPARTMEN
rilgr,' i \)%'J
S

Office of
Science

US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023
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U.S. MAGNET

rocram 1 A priority now is to build the Nb,Sn outserts

Canted Cosine theta: SMCT CCT

( \ ™

0 4 layers o ' 7 30+ % current margin at target
* Borefieldof 12T/ 13 T for Z\ MM/}? of 12T, 4.2 ﬁllj/ T, 1.9K
standalone operation , | //% Y, Y
* Bore diameter: 120 mm ' BE [/

*Stress-managed Cosine Theta:

i
O 2 layers

* Borefieldof 11T e e “\\@\\
 Bore diameter: 120mm

These are two variants on stress-management
* CCT 1s a “limiting case” of maximal SM
« SMCT Is a more efficient design e o

T OF Office of

%%, U.S. DEPARTMEN
::;f:' -E . : : -
3) ENERGY Science US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023 10/30/2023




C) oEVELoPENT Design efforts now leading to hardware and first testing

g FNAL mirror test of
I} SMCT — successfully
i trained!
— now proceeding
i with thermal cycle

Practice
winding of
CCT6
underway

- U.S. DEPARTMENT OF Oﬁlce Of -
2 ) ENERGY Science US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023 10/30/2023 15




U.S. MAGNET
DEVELOPMENT

PROGRAM

* HTS materials outperform LTS at higher field, but under-perform at low field

=> hybrid magnets are most efficient

m)P seeks to address questions such as:
What is the nature of accelerator magnet training? Can we reduce

4 __
10 = Nb-Ti 4.2 K LHC insertion .  Maximal J, at 1.9 K for entire LHC NbTi

quadrupole strand |

MDP HTS research is
currently focused on
Bi2212 and REBCO

or eliminate it?

What are the drivers and required operation margin for Nb3Sn
and HTS accelerator magnets?

What are the mechanical limits and possible stress management =
approaches for Nb3Sn and 20 T LTS/HTS magnets? 10 —————
What are the limitations on means to safely protect Nb,Sn and

HTS magnets?

“% U.S. DEPARTMENT OF Ofﬁce Of

1U/ENERGY | science

1 strand production (CERN-T. Boutboul '07).
/- Reducing the temperature from 4.2 K
produces a ~3 T shift inJ, for Nb-Ti

" “  Electric (2012
4.22 K High Field

102+~  MRistrand X

(Luvata)

prod.)

MgB,: 2nd Gen. AIMI 18+1
B Filaments , The OSU/ HTRI,

Whole Wire Critical Current Density (A/mm?, 4.2 K)

April 2018

US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023

Controlled"
MEM'13

Nb,;Sn: |
Bronze Process

4543 filament High Sn
Bronze-16wt. %Sn-0.3wt%Ti

(Miyazaki-MT18-1EEE’04)
. L 1 1 A ﬁ 1 |

15 20

HTS vs LTS superconductors & magnets - some key distinctions

SuperPower tape, 50 um
substrate, 50 um Cu, 7.5% Zr,
measured at NHMFL

) 55x18 filament B-OST strand with NHMFL

50 bar Over-Pressure HT. J. Jiang et al.

2223: B || Tape Plane
g / Sumitomo Electric (NHMFL)

3 | 2223:Bl
i A 5{ Tape Plane .
Nb-Ti .‘ ° Sumitomo

‘;:::' - :1“.“’:1.:- wi
O
PO —6 . o9
- = 1

REBCO: B || Tape plane
@~ REBCO:B L Tape Plane
= =)= = Bj-2212: 50 bar OP
=« ««Bi-2223: B || Tape Plane
~F= Bi-2223:B L Tape Place
O Bi-2223:B 1 Tape plane (carr. cont.)
=== Bj-2223: B L Tape plane (prod.)
wesOme= N b3Sn: Internal Sn RRP®
mmmm N\ b3Sn: High Sn Bronze
Compiied. jrom ==se== Nb-Ti: LHC 1.9 K
ASC'02 and
ICMC03 papers ==){ = Nb-Ti: LHC 4.2 K
\ (1. Parrell O1ST) | |« #3e « Nb-Ti: High Field MRI4.22 K
MgB,: 18+1 Fil. 13 % Fill

| A ,l{ | l | L | | 1 1 1 ! ! 1 I | ¥ I I ! | |

25 30 35 40 45

2223: Bl Tape
Plane Sumitomo
Electric (NHMFL)

Applied MagneticField (T) WIAGLABES

10/30/2023




us magner - Bi-2212 wires => Rutherford cables => racetrack coils to verify heat

PROGRAM

treatment, materials compatibility, insulation, cable parameters

e
LSS

%y
% NTeves,
I S RS PMM170123, 55x18
P G B R y 99X
. f‘ W g o St Ayewt
10000 T—" OPHT + NEW conductor ST TS NS nGima ower
3.200000E+00 ‘ » > G I t p
o »
Ipowder ANSTERS SIS el
MBNEL ST TSTASY STRISIE A
s e Syt | LXB-52
. K RC-06 Llrsis® W R
) - -
% s, e
- RC'05 "\‘o.sc:,"‘ Aatlteun .0 Wittt :;.:‘.":'g

I L0

9000 H

"] [ 2.800000E+00
H- 2.600000E+00

g v’ *RC-03 Short-sample-limit:
6000 | ' " RC-OZ\ R ey 1800 ) RC1 6020 A
5000 ] *i?C-Ol T RC2/3 6910 A
opers LI \ RC5/6 9600 A

40004 1 bar HT pEra 1 RC6
! PMM101111, 36x18,

_ s _ 1400 - 8.6 kA

- 1200 -
| — S e PMM170123
2000 s T o 77

% . y
I XS ‘ .
1000 {HTS-SC-04 HTS-SC-06 1000 - F RC5 /

800 - 8.2 kA RC3

RC2 i
157 i 6.5 kA RC2/3 short sample,
6004 ™ PMM120928/101111
’ RC1
400 - 4.8 KA =
RC1 short sample,

PMM130411

l.orl, (4.2 K) (A)

T ' T ' T ' T ' T ' T ' T
2006 2008 2010 2012 2014 2016 2018

Year

Bi-2212 wire J_ (Al+m2)

PMM130411,
19x36,
Nexans

SRR, owder
s | P
N | 77

12 14

AT RSN AL
LA S e e
F IO O

'.“

0l (W, e te

SLYZAeY ASTE VI
)

Jiang et al., TAS, Vol. 33, No. 5, August 2023
Shen et al., Scientific Reports Vol. 9, Art. No.: 10170 (2019)
Zhang et al Supercond. Sci. Technol. 31 105009 (2018)

US MDP Program and Plans - Prestemon - HFM Annaul Meeting 2023 10/30/2023


https://www.nature.com/articles/s41598-019-46629-3
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U.S. MAGNET

PROGRAM ' Bi2212 shows strong promise - being readied for hybrids

(a) Kapton/epoxy-glass bag
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REBCO makes steady progress - MDP focuses on CORC® & STAR®

Test CORC in-field at BNL in
the common-coil test facility

Next deliverable — «“C3”
 Generate5T

» 6-layer CCT using CORC® wires
* Tapes in-hand, cable underway
3-turn practice \

windings are done
for each layer

Voltage (microV)

40 . . .
45| before winding +
after wmdln% *
3ol  after stycast =
25+
20 77 K
15+
o Layer 1
5_
0
-50 200 600 800 1000 1200 1400 160

Current (A)

40 T T T
45| Defore winding +
after wmdln% *
3ol after stycast =
S
O 25¢
O
c 20} 77 K
%15—
= 10+
s Layer2 .
5_
0
-50 200 400 600 800 1000 1200 1400 1600 180

Current (A)

Volume: Magnetic flux density norm (T)

A 0.693
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“COMB” design advancing as a test platform

600

500 H

“Early” CORC

- Ramp rate = 200 A/s

| ®  19122-b1 straight
® 19122-b1 SS COMB

0
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U.S. MAGNET
DEVELOPMENT

PROGRAM

Surface: von Mises stress (N/m?)
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* No sign of degradation seen in
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Strong synergies with Fusion REBCO research are leveraged

DOE Offices of HEP & FES jointly funding a large-bore cable test facility
Will provide 15T dipole field over 750mm good-field, 1.9-50K on-sample

Cryostat will enable testing of high-field hy
Being located at FNAL

HFVMTF Cable Test Facility: First Workshop on User Interfaces

Registration
Event Registration

Contact info
velev@fnal.gov,denise2 @fnal.gov

Fermi National Accelerator Laboratory and Lawrence Berkeley National Laboratory are together building
a new High Field Vertical Magnet Test Facility (HFVMTF) for testing high-temperature superconducting
cables in a high magnetic dipole field. The HFVYMTF is jointly funded by the US DOE Office of Science's
Fusion Energy Sciences and High Energy Physics programs. HFVMTF will serve both communities as a
superconducting cable test facility in high magnetic fields and in a wide range of temperatures.

The purpose of the first workshop is to establish connections between prospective users and the facility
design team. The primary goal will be to receive users' feedback on facility specifications, mainly the
sample holder and instrumentation interfaces, as well as on operating ranges for the samples in the test
well.

The workshop will take place on half-days via Zoom on MNovember 21-22.

Aluminum
shell ——F &

Iron voke

Iron yoke
rods

Magnet rods —7@

Laminated
iron pads

Steel keys

Steel pusher
G10 shim

Iron pole /. o e ]

Steel space/
Ti pole Steel rail AlBr rail Al spacer
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U.S. MAGNET

PROGRAM Diagnostics are central to advance magnet technology

Event number: 1990

Integrated voltage

M. Baldini, S. Krave

INFN 4th Superconducting Magnet Test R
------ | Facilities Workshop & 2nd TSN
Rayleigh backscatter fibi | Workshop on Instrumentation and [ o
for area-level strain mo . R Diagnostics for Superconducting il B = i
. Magnets
YR EF T N IER
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Is] +1.8130000000e2 Frequency [Hz]

’IUJ'

Optical Fiber i B, \!
< .

I, E. Barzi,
Apr 24 — 28, 2023

Hotel Ariston, Paestum (SA), Italy Q
Europe/Rome timezone
Strain in fiber - ‘
, . fards real-
Introduction Introduction
)
& Scientific Program = q u e n C h
{sn Following difficult years of pandemics, the Superconducting Magnet Test Facility Workshop (SMTF) is back! 1 .
- Venue and Booking would like to announce that the next workshop is being organised and proposed for spring 2023. 9 I anda IyS IS P
W
200 = . . . . . — - /
. Tourism and sightseen For this new edition, we would like to propose a joint event with the Instrumentation and Diagnostics for g 1 :; :‘; /
- in the area Superconducting Magnets Workshop (IDSM), which had been initiated in 2019 by M. Marchevsky and G. & am, e B
” THiriatable Willering. The two workshops will be held close to INFN, University of Salerno (IT). A ol
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us.macner - Superconductor advances are heavily driven by OHEP magnet
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Performance
(transport, Tc, Bc2,...)
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performance of superconductors
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US. MAGNET Significant advances in Nb;Sn performance by introducing

DEVELOPMENT
PROGRAM

hew pinning sites

*Path to “FCC spec” wires exists [ e
0 Powder-in-tube” approach advancing E ¢
E 3000 .
0 Also exploring Hf doping in “internal Tin” approach = oo L TLRRP BT
X Xu. SoftA Workshop. CERN. 2021 g i < %] rarrpisTranged [ @rantini et al., Nature
5 u’/ Oxt : O/r JS Xllf’ Compd.857,158270(2021) N | Sclentific Reports,
ee aiso Au et adai., J. oyLompa. , 0 .
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New paradigms: quench-free HTS magnet designs?

magnet can survive guenches
Motivation:

precursor, not controllable

after quenching

" Traditional superconducting magnet design ensures

* spontaneous quenches => lack of reliable

* Training => potential for improved performance

-
Can we contemplate a new paradigm for HTS?

* Higher MQE => not (?) susceptible to spontaneous
quenches => no “random’ behavior

 So far no Indication that HTS magnets exhibit training
=> no performance enhancement

Design to eliminate run-away quenching !?

\_ J . /
"Typica|" Nbgsn CCT magnet training I T. Shen Et‘a/., PHYS. REV. ACCEL. BEAMS 25, 122401 (2022)
8500 — C V ’ N ‘ —_ (a)
. @9 ®® | 000 N M TS -—----_-eoso o mom S oamo—-
- i %, @ ol 7 < 1) . -
%000 RO Pl « “Rapid” training to ~75% short- 2 4000
P
< cony 3% | L = ) 2000000008
=0 e, o LE"' O sample, then rate changes e jmae
O ® om o° e e . £ 3000-
S0 S T * “Fair” memory after thermal 3
EG{)UU_ E(ﬂ ® SubZ L1 _ CyC|e § sl : 3R(:|:1/:rate test
Cji 6000 C= / . gzgg Iﬁ | e} 1000. == Theoretical short-sample limit
®ub 2/3 thermal cycie B Syb3L?
5500 | © Sub4L1|] ‘
0 O Sub4 L2 o+
5000 '
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Science
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U.S. MAGNET New paradigms - Active/dynamic local powering of magnets
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for safety, field quality, etc?

* Key to enable HTS “Quench-free” paradigm

Gy S
; - 3 i Roves o=
i 4 . ER 3
8 : B E -0.1- 1
I <
ll & o -
] 3 025 R e e e P R
: Y X . . 0 0.0002 0.0004 0.0006 0.0008 0.001 0.00 0.0014 0.0016
A\ (+ WIre Time (s)
A\TA '3 W ]
e T 1 > - -
5 os
3 0

* High bandwidth diagnhostics coupled to in-situ FPGA data analysis
* Multiple “physics-independent” diagnostics - analyzed and cross-corelated

* Al/ML utilized to weed out irrelevant data, identify critical
events/behavior

* Most data acquisition, analysis, decision-making occurring "below the
header”

O Only digital data sent “out”, e.g. via redundant fiberoptics (non-
conductive)

* Stored diagnostics data monitored/analyzed for system integrity check.

0 Modeling coupled to diagnostics => digital twin corelates cause and — = I
EffeCt 0.05E ------ \ \ S :

0.04 —— 17K ]
; \ \\\ 60K |
] —a—295 K| |
0.03 2 ]

) AL

\\\\‘%:::

||||||||||||||||||||||||||||

R, Ohm

*Cryo-power electronics (MOSFETS, IGBTs, etc) developed to actively
control/route power => become integral to magnet protection

U_gate (V)
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U.S. MAGNET

PROGRAM New paradigms: Liquid hydrogen cooled collider?

* Hydrogen has critical advantages:
O Plentiful => not supply limited
0 Carnot + liguefaction efficiency => dramatic improvement in "wall-plug efficiency”
0 Strong investments from other societal uses => cost, storage/shipping evolving rapidly
* But there are concerns/issues:
0 Safety => highly combustible in presence of oxygen
O Materials compatibility => some restrictions due to embrittlement/corrosion
O Limits superconductor option => only REBCO maintains significant transport current at 20K

/Sustainability will be a driving consideration in any future b

international physics experiment - our community needs to make a

gtrong, dedicated effort to explore liquid hydrogen for future colliders

/
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us.macver — The US MDP currently pursues research addressing a- critical -
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subset of the magnet needs for a future FCC hadron collider

HTS cable driven
Ring magnets
Tunable permanent magnets

“Llree Interaction region magnets
Booster magnets
g Nb3Sn.2:1aver "\ current MDP is
16+T dipoles Hybrid HTS/LTS |highly relevant
FCC magnet needs . ’
k AIl-HTS
RING dIP0IeS /' S ‘ /
b 0st reduction
FCC-hh Industrialization

Nb3Sn magnets
Interaction region quads Hybrid HTS/LTS

Cost reduction

,»"‘;3"*3% U.S. DEPARTMENT OF Office of
ol | ) _ :
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U.S. MAGNET A muon collider will require critical advances in magnet

DEVELOPMENT
PROGRAM

technology - ripe for synergies with other applications

4 )

*Radiation is a major consideration: _ .
_ _ _ o Conductor developments: perfromance, quality, cost
O Study tradeoff in aperture/bore+shielding vs magnet radiation
hardness 'Radiation environment & radiation tolerance of materials and systems
O Further advance understanding of radiation hardness of
superconductors and magnet materials 4 N ( | N\ ( N ( colider \ (-
Collider
Production Acceleration Cooling N Detector IR
\ J \ J \ J "M y,
. . . ‘re 4 N [ Yo N N N N
* Rapid acceleration is critical: High field
. . . . solenoid, Fast FFA/non- _ Large bore
0 Study fixed-field booster options where applicable high ramping | ramping gl;?ehngieég Ladri%% Itézre high field
0 Further investigate high dB/dt magnet concepts radiation dipoles | solutions quads
O Evaluate acceleration (particularly low-energy) schemes in an . J N\ AN < N 7 N J\ J
integrated approach

* Large thermal loads suggest higher-temperature operation
O Explore all-HTS option
O Explore facility and operational cost models

*Leverage strong synergies with fusion and High-Field magnets (e.g.
condensed matter):

O Fastest development path for very challenging target and cooling
maghnets

Office of .
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us.macver — \We are actively engaged in identifying and leveraging synergistic
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PROGRAM

activities to the benefit of HEP

Fusion Magnet Community Work... Home - Registration - Agenda - Presentations - Workshop Materials - Participants -

*Active participation in FUSION MAGNET COMMUNITY

| ' ffort
planning efforts WORKSHOP
o for HEP, but also i

across many
synergistic
agencies

March 14th — 15th 2023

s of plenary sessions and discussions hosted by
Princeton Plasma Physics Laboratory

*Strong participation in
public-private
partherships

eeds, develop the rationale and content for a public program in
broadly the deployment of affordable and reliable fusion energ
e-risk promising configurations on a timeline consistent with

new®

.

The National Academies of Sciences, Engineering, and Medicine is undertaking a forward-looking study to examine

(1) the status of domestic and international high magnetic field science and technology;

(2) current and future science disciplines that have critical needs for new capabilities that could only be enabled by high magnetic fields;
(3) gaps in current high magnetic field science, technology, and infrastructure that could help address critical needs.
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U.S. MAGNET
() s summary

We are at a critical period, where innovation and progress in magnet technology is essential to enable the next
generation of colliders — the opportunity and challenge is shared with Fusion and other applications!

#5°%%,. U.S. DEPARTMENT OF

& Ve

Office of
Science
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Maghet and Conductor Plans & Roadmaps are well-advanced globally

*US MDP - well established

*European HFM - recently established

eJapan efforts at KEK - coordinated with CERN and MDP
*China efforts led by IHEP - progressing well

U.S. MAGNET
DEVELOPM:
PROGRAM

2020 Updated Roadmaps

The 2020 Updated Roadmaps for the
US Magnet Development Program

5
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This is not a
comprehensive list of
collaborators... our
community is broad
and diverse!

Updated US MDP Roadmaps have been published https://arxiv.org/abs/2011.09539
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https://arxiv.org/abs/2011.09539

U.S. MAGNET

rrocram 7 DOE-OHEP has an excellent record of developing advanced technology

* Long term investments in general accelerator R&D set the stage for dedicated readiness
programs, which in turn enable successful delivery of advanced technology for colliders

The programs strive to coordinate efforts to more rapidly advance technology development

4 N

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

.
---------------------------------------------------

. Project l g8 Project
\ (ex: HL-LHCAUP) ¢ /

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

- 7l ............................................
\ Directed R&D [j (EX: LARP) _»_ Directed R&D
s)

\(Technology re

T OF Office of
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|| Coil design selection ‘

U.S. MAGNET Nb3Sn accelerator magnet technology is - for the 1t time - being installed

DEVELOPMENT

PROGRAM

In a collider

2003

Subscale Quadrupole . A
0.3 m |:.z ‘ < > ’ Technology Development

SM . EAHGE HADRON COLLIDER
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--) LHC/HL-LHC Plan ( Him‘-
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LQS . ‘
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1.2m long
120 mm bore

2015

Large aperture quadrupoles

PROTOTYPES == CONSTRUCTION INSTALLATION & COMM.|||| PHYSICS

HiLumi magnet production is arguably “boutique production”

* First implementation of Nb;Sn superconductor in a collider

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

 What elements of the design are “robust”, and what elements generate
risk/performance limitations?

= There is significant value-engineering that can be performed

= % U.S. DEPARTMENT OF Office of
3 : - - i
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U.S. MAGNET European High Field Magnet (HFM) program:

DEVELOPMENT

PROGRAM

plans are In place - teams active and engaged

*The EU Accelerator R&D Roadmap identifies main objectives for the High
Field Magnet Programme:

o OBIJECTIVE 1:

Desigh and demonstrate a full-size Nb3Sn accelerator magnet to proof
the maturity of the most advanced technologies today, based on the HL-
LHC design, i.e., 12 T magnets, and applying all the lessons learned from
the US LHC Accelerator Research programme (LARP), the US High-
Luminosity LHC Accelerator Upgrade project (AUP) and the HL-LHC
project

o OBIJECTIVE 2:

Explore the limitations of the LTS state-of-the-art technology and push
Nb3Sn magnet technology to its practical limits in terms of ultimate
performance, towards the 16 T target targeted by the FCC-hh

o OBIJECTIVE 3:

Explore the capabilities and limitations of state-of-the-art HTS and
maghnet technology based on these superconductors. Demonstrate the
suitability of HTS

Create a European Research Network involving CERN and National Labs

T OF Office of

Total magnet length (m)
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cost-efficient processes
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U.S. MAGNET

PROGRAM KEK plans and progress - magnet technology examples

*Taskl: HTS magnet technologies for high-radiation
environment

*Task 2: Stability, quench protection, and magnet safety

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

*Task 4: HTS/LTS high field hybrid accelerator dipole
technology

CTD-101 k, used by US LARP, NHMFL-mix61, an amine-based
after one thermal cycle to 77 K epoxy after one thermal cycle to 77 K
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Extensive cracks
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Radiation impacts on magnet materials

Development of inorganic insulation technology
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