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U.S. MAGNET

PROGRANTENT Outline

AThe US Magnet Development Program i hybrid magnet elements
A The Nb,Sn magnet outsert program
A HTS insert program

AReview of challenges and driving questions

.
- A
fFrrrrrrrs m‘

Alnstrumentation and diagnostic needs BERKELEY LAB

AThe role of modeling and analysis L:> S A

National Laboratory

ASummary perspectives

Hf\"‘i@'ﬁ% U.S. DEPARTMENT OF Office of _ _ _ _ _ _
3)) ENERGY Science Challenges in Instrumentation and Diagnostics in the Hybrid Magnet Prog&arRrestemon 4/03/2025




oveosuer - Our program has been reviewed and revised to align with P5

PROGRAM d t
- Cable & Coll Development
_ _ Bi2212 REBCO .
Centralt f(}CUSH Iggvelop and test high field Area |- NbsSn SM Large Bore serts serts Area Il & testing
magnets for Hybrid High &
| accelerator solenoids for _
Improve integration for hybrid magnets magnets Hybrid magnet integration HEP Magnet designs
Investigate HElPotivated solenoid designs
Magnet Performance .
S ith critical ial Advan(_:ed diagnostics & analysis & Materials &
upport magnets with critical materials, - Modeling _ Conductors
expertise & dev. of new enabling CPRD imp'rzo"’:lcé':%ms protection enhancement
technologies l. Pong R. Teyber
S h link b hnoloai Area lll
trc?ngt en linkage between technologies Supporting technologies
and magnets

Interfacing with Collider

Higher T/ All-HTS IR & Combined function .
Studies

Forward lookingc what is enabled by our Sustainability magnets
advances, and what is achievable for colliders

Area IV :
Exploratory studies

Align with, and support, collider design efforts

Further build collaborations, leverage synergies with fusion and with the NHMELE
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U.S. MAGNET

PROGRAM | Central themes of MDP magnet R&D talate

AUnderstanding the disturbance spectrum and its control
0 Study training, operating margin, and means to mitigate/reduce

ADevelop stressmanagement concepts to enable higHield
accelerator magnets with strainsensitive materials (Nb3Sn, HTS)

Mevelop and demonstrate REBCO and Bi2212 magnet technologie>

field accelerator magnets

AExplore the viability of hybrid HTS/LTS magnets for efficient high >

AWork with industry to advance superconductors tailored to HEP >
needs

T OF Office of

/A Use fast turmaround platforms
(subscale magnets, mirror magne¢sc)

A Develop and apply advanced
diagnostics, modeling

A9QELI 2NB dav dx2y2@K A/

K high-Cp concepts, etc.

/A Focus on developing conductor / cable
coll / magnet processes, identifying ke

ISSues

> |

Leverage elements above to design
optimized higHfield configurations

\_

/A Longstanding nexus between Labs,
Universities, and industry in the US
A Example: Annual Low Temperature

Superconductor Workshop >40+ year:
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U.S. MAGNET

PROGRAM Driving questions

ACan stress management be used to produce high field magnets with large apertures that can
approach the conductor limits without degradation?

AWhat are the most effective impregnation materials regarding training, degradation, radiation
hardness,etc?

ACan training be significantly reduced / eliminated and degradation avoided by using stress
management together with wax or Telendased impregnation for large aperture (> ~ 120mm)
high field magnets (>~10T)?

AAre HTS conductors compatible with the hybrid HTS/LTS approach and what needs to be don:
to Improve the compatibility?

AHow do we minimize critical current degradation in HTS materials during coil and magnet
fabrication, under Lorentz forces, and due to thermaycling?

AStronger support materials are needed for fields > ~16 T magnets. How does this affect
fabrication of components (machinabillity, scale up, 3D printing, etc.)?
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US. MAGNET Nb,Sn magnets R&D focus

DEVELOPMENT
PROGRAM

2) Stress management designs

An a traditional dipole designs,e.m. forces accumulate on mid-
plane and radially

0 Inthe 15-20 T range, stress of the order ofl50-200 MPa
MNb,Sn is brittle and strain sensitive
A Performance degradationwith about? 150 MPa

AVIDP has being focusing on the development aftress managed
structures

o0 The coll includes structural elements
A Radially: mandrels
A Azimuthally: ribs
0 Interception of e.m. forces
A Risk reduction of conductor degradation
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U.S. MAGNET

oo Acpriority now Is to build the NRSn outserts

ACanted Cosine theta: SMCT cCT
0 4 layers . “ e N

| 30+ % current margin at target
A Bore field of ~12 T/ 13 T for élgs of 12T, 4.#/{/% 13T, 1.
standalone operation 4

O
A Bore diameter: 120 mm
fStressmanaged Cosine Theta:
0 2 layers l
A Bore field of ~12 T 0 O
A Bore diameter: 120mm

These are two variants on stregsanagement
ACCT is a AdAlimiting a 0 of
A SMCT is a more efficient design 5 O

T OF Office of
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U.S. MAGNET Subscale magnets are used to evaluate iImpregnation

DEVELOPMENT
PROGRAM

materials o0 the return of Paraffin Wax!

Diego Arbelaez Dalyet al2022,SUST 3655014

~ : D. a II:ISV ep. 2022, 400
ASubscale CCT&s bui I8 theni t h FA ?ae%;gtil lFSerST 375065()& %(@ B:
filled-wax (sub7)

| _ | | E.Bar2|et al 2024 SUST. 37 045008
ASubscale withTeleneis being fabricated

10000 | | | | |
,:':""u" Very promisingg Is It a lasting breakthrough?
_’ .
_ 900 94
= @]
E \ o . ° ... Q@ L o
o 8000 - - .I.l:.0=...i'. S e® '..l....' oot .
3 ! =.";. .' o © ..': .ll..
I.....D ool onl = .
S & oo H o
E 7000 —.- .BDQ. = )
L = B O
= om
C o
6000 (© 8 )
O
@ Sub2l1 @ Sub3L1 © Sub4l1 ® Sub5L2 © Subb L e Sub7 L1
5000 o ® Sub2l2 8 Sub3l2 O Sub4l2 o Sub6 Leads ¢ Sub7 Leads ,
0 5 10 15 20 25 30 35 40 45 50

Quench Number
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U.S. MAGNET

PROGRAM Need to demonstrate technology at relevant stress levels

=1

' CCT5W COils =—==ai 8 S
Plain Wax SUB R = o

completed | | IS
Filled Wax SUB / /

Under fabrication at LBNL;test a Ct  3a KA Ll dmnc¢ f | NJEI
planned at FNAL in late April construction beginning; highly relevantto |
muon collider storage ring and FGRQ

/ Stress on Turn from Lorentz Force \

2D FE - Magn

Magnet Current Field srr_em stt_em Instrumentation:

KA T MPa MPa

- Quench antennas
Subscale -2 >:3 - ~ - Strain measurements
CCT5 178  10.0 71 3 _ Voltage taps
CCT6 10.67 12 85 5 X ® J P
kccrﬁ 14.22 16 152 9 /
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U.S. MAGNET B? 2 1n2a g nNet s

DEVELOPMENT
PROGRAM

Techni cal chall enges

RossibilityRuotfh efrafborrgsdc actanbalgeor adv an't e S
accelerator magnet s e
AMowevém)] | engi nprbaebksscati on :
o5Mar ,a8B88®00C : .
MR&D to mi eakmabeerved after heat

oThe2B1l2qui d | eaks through the

t emper Atdierge 2 doaft 1pcerr f or manc e
Maj or i mprovements (but not total r )

oCombi nathigto aotiMmimagnu lal 1 t @ass i mswud at I C
oOver pressure heat treat ment

AAc hi e vsehdd(fitn m) furnaces

ADevel opment 1lmf+h fongace(on going

Office of : : : .. :
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U.S. MAGNET B12212 magnets

DEVELOPMENT

O Development of racetrack and CCT magnets
N D STNDROA Gy yﬁﬂdﬁ

ARC7n8(2019)
0 4.7 T reached In with racetrack coils configurations
oHI ghest fileld so far 1 n

ABIn5 (2021)
Bk _\,Q,___BLN,Scl.oL/kz before

0 1.6 Tin 31 mm aperture o w .
: Sy SN LS - R 4
o Successfully tested in stand alone £ % e \\ »
o Ready to be tested in CCT5 Xomed i = 2
I,' “\ J g S '. e =y e
MANext steps
o BICCT1 and 2
p vely larger cabl S\ 1%
o Progressively larger cable sy
o0 Target:5 Tto 7 Tin 40 mm aperture =2 =
. o 2%,
o Coill fabrication in progress //,///I \\\\\\
I \

4/03/2025

Offi f : : : .. :
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U.S. MAGNET B12212 magnets

DEVELOPMENT
PROGRAM

Development of SMCT magnets

An SMCType coil is in the process to be fabricated by FNAL
0 Goal: 1:2 Tin 15 mm aperture
o Winding test performed with plastic parts
o Fabrication of Inconel 3D printed mandrel completed
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U.S. MAGNET

roaan ' C31 sbdaayer CCT magnet usli ng

XiaorongWang A 145 m of CORC® wires in
SIX pleces, maximum piece
length 35 m

A Specified the minimum

. tape Ic for HM tapes
Aluminum shell P P

Layer 6 . .
Optical-fiber spool
O
4 Instrumentation:
3 N - Fiberoptics for strain measurements
- Voltage taps
2 - X
|

\\\\\\\\\\

\\\\\\\\
.....
~~~~~~~

A e Image courtesy of Andy Lin
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U.S. MAGNET

a1 C3 achieved 5.2T => major goal of the 2020 MDP roadmap

Red: tension or higher temperature +1 ueyg
p

AFirst test sucddesf ol bp 1Owinchricit g oo
ASecond test campaign in coming m //
oWill include magnetic measur eme /// 'Zi
oPush to higher field (higher vo |;i

/\/ 77 K:up to 450 A -1 pe k.

500

Teaser of data to comeexample layer 6 (will be presented at MT29.bygingLuo)

Stra”'] measured V|a | Strainl(ue) C3 LayerGBI Ramp:l'est _ - » 200 N
distributed optical of = =_=_JI o] I
. . . = = — — 30 b 00 Y
fiber ¢ fibers Iin each L = —
= = = 120 A eI SeE |
layer, all worked well == a =4 : i) 0
g 208 s = = g =y 2 . <
throughout test g . 1 i —F Ee } ‘ : /
. 0 : 3 21 3¢ . = e 0
(LingingLuo et al 2025 °*/ = = —| I
> _— = == e
SUST 38 0350p9 o E——————— | o
e = - -30 -400
35 F = = I <0 500 . >
: = 100\\/\100 \/\/\
| | | | | | 0 0
-50 -100 _100 (mm) (mm)

14:30 15:00 15:30 16:00 16:30 17:00 y (mm) X (mm)
Time

o Office of

=% U.S. DEPARTMENT OF

o e N6 c - . . . .

)3 :
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U.S. MAGNET

PROGRAM COMB concept yielding results

ACOMBSTARL magnet (2023-24) Achieved 1.5 T bore field @ 3.3 kA ibHe vadimKashikhin
o Degradation in one coll explored vi micr&CT scan

First intentional ramp to quench

3500 /
o

3000

@lelelele)
® 0000 o 00
2500 Coo O

- -

2000  Trips while
adjusting
DQD/FPGA Quench/thermal runaway
1500  thresholds at 2800 A plateau that
and offsets limited the currents in
subsequent ramps

Quench current (A)

1000
500
®T=18K
®T=45K
0
0 G 10 15 20 25 30 35 40 45

Quench number

JE o
;LEF!\ \ U.S. DEPARTMENT OF Oﬁlce 01—'
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Major push now Is to integrate HTS and LTS in hybrid magnet

t F 22NNI OA Y

Task Name . Finish
-MILESTONES Mon 7/2/29
+Nb3Sn outsert magnets (stand-alone) Mon 7/3/28
CCTSW (2-layers, 90 mm ID) Tue 7/1/25
CCT6 (4-layers, 120 mm ID) Thu 7/1/27
SMCTDI1 (2-layers, 120 mm ID) Wed 7/1/26
SMCTD?2 (4-layers, 120 mm ID) Mon 7/3/28
«REBCO msert magnets (stand-alone) Mon 1/1/29
COMB-STAR-2 (120 mm OD) Tue 7/1/25
COMB-CORC-1 (120 mm OD) Mon 2/2/26
CCT-STAR S1 (90 mm OD) Thu 1/1/26
CCT/UL-CORC C4 (90 mm OD) Wed 7/1/26
Alternative cable design REBCO msert  Fr1 1/1/27
High-field REBCO msert I (120 mm OD) Mon 1/3/28

High-field REBCO msert II (120 mm OD)
+B12212 nsert magnets (stand-alone)
BiCCT1 I (120 mm OD)
BiCCT1 II (120 mm OD)
BiCCT2 (120 mm OD)
« Hybrid magnets
BinS & CCT5
COMB-STAR-2 & MDPCT]1
COMB-CORC-1 & MDPCT1
CCT-STAR S1 & CCT5w
CCT/UL-CORC C4 & CCT5w
B12212 msert & 120 mm ID outsert
REBCO msert & 120 mm ID outsert

. U.S. DEPARTMENT OF

Office of

EN ERGY Science

Mon 9/1/25
Tue 9/1/26
Wed 9/1/27
Mon 7/2/29
Tue 4/1/25
Sun 3/1/26
Tue 9/1/26
Wed 6/17/26
Thu 6/17/27
Mon 7/3/28
Mon 7/2/29

2025
J MM J S N

2026
J MM J S N

2027
J MM J S N

2028

J MM J S N

2029

J MM J S N

OR; G (98

@Aﬁ

Challenges in Instrumentation and Diagnostics in the Hybrid Magnet Prog&arRrestemon

2030

J MM J S N

4/03/2025




U.S. MAGNET

PROGRAM Review of challenges and driving questions

HTS magnet development
AQuestions related to conductors
AQuestions related to cables
AQuestions related to coils & magnets

AHow hybrid magnet tests can guide development of HTS accelerator magnets
Alssues that are specific to hybrid operation

Hf\"‘i@'ﬁ% U.S. DEPARTMENT OF Office of _ _ _ _ _ _
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us.maeNer — Review of challenges and driving questions - related to conductors

PROGRAM

AChar acteri zat iaonnd ovfarpraotpeornt ioefs properties ;
AWhat are the mechanisms of conductor degr a
oTher mal, mechanical; coupli ng to el ectron

AAre flux jumps an issue in HTS? Under what

J.JaroszynskiCCA
C. Senatore, CCA

10000
; _ 10T
270 THEWVA, tape width =12 mm average value of critical current -
< SN I e 0T
ey = —— L =687 A £ 5000
720 lc.avu N 68 3
c=19A =
< 620 3
= overall critical current generating '% 0
“ 520 1 uV/cm on all the tape length <
i >
E 420 . = 5000
l\\./ Ic‘,ovrl = =] = 678 A
~ 320 [vazl (71_) ‘
220 40 30 20 10 0 10 20 30 40
120 Applied magnetic field, u M (T)
0 100 200 300 400 500
* [m] See CE. Gémory, et al., SUST 36 (2023) 054001 https:// arxiv.ordpdf/2502.02706

DOI: 10.1088/1361-6668/ach73f
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usmever - Rev]i ew of chall engesreaehdt dedi

DEVELOPMENT
PROGRAM

ACharacterization of cabl e AyHataR Bdstlpracices for joint design & fabrication?

o Can we deduce cabl e pr op&gwWHata® fechahishdof EaBld darhdgd?u € N t

: I ? _ : : :
tape/wire propertiess: ACan we define acceptable design criteria for cables?

o Can we agsrteaen@danrrdatabl e

measurement ? ACan we use cable walue, i.e. V() as a means of monitoring

| | operational margin? | | |
oDeterminati on of contact resistance, 1 ts variati on

AHow does termination design impact current distribut
J D Weiss et al 2028upercondSC| Technol 33 044001

Teyberet al., Sci Rep2, 22503 (2022) - : 8000

ey o 42K -
fplt;:z_ll_e - : 7000 E u L ‘90 4.2 K
w111 E . \\\??Of
i~ , . . I 5 10T 6000 LR ~
ase 1l: Develop predictive capabilities e : “.. N ,O@/
[ Experiment 1: I-V ] rExperiment t2: ltowd.cu g 5000 - ‘\- ‘.f‘:\\
curve ) \ ramp rate studles i : (1:0.766 \‘\ ; s
v v 4000 . Je = 342 Amm
Inverse Biot-Savart Inverse Biot-Savart _ B o \
¢ c O . T - E - 3000 = ‘\E
- r:ziziiﬁizst . [indugiizci:- —-—-7 e g“-“ M N 1 . . . B . 1 —l SRR ERAPUSH BEGN AT
- ] J\, e 6000 6 8 10 12 14 16 1820
rE:xtract Ic and Polish:nductance ‘(_/ - A A ; ; (A) (b) B (T)
| novalue matrix | WSSR ¢Se+o1$[b¢J{8¢u¢ hﬂopnnqo ..... Lo
v - — m— Emﬂ—tmwnm'fan(:tion of current of sample CORC®-01 at various applied fields. Lines are fits to
tnform safe ]<; [ [rained curren o Lstributi : the data used to determine I. and N-value. (b) I, as a function of applied magnetic field for sample CORC®-01
P i0on 1s m
compared to that expected from the individual tape measurements. The blue dashed line is the power-law fit
used to extrapolate to 20 T.

g Office of : : : .. :
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usmever - Re v ] ew oO°f chall engescantsdi&i

DEVELOPMENT
PROGRAM

AWhat are the tradeoffs in terms of magnet inductance and protection strategy?
o Traditionally want cables to reduce inductance, help with L/R decay
A Note the solenoidcommunity does not typically use cables

ACan we predict magnetization and hysteresis in HTS magnets? ]
a¢CKS bl aC] oH ¢

. YI 3y S WeijErs EUGAS 2017

450 lllllllllll T T T T T T 900 & e
100 || SOlid - insert heaters on i o I O = ef 1720
Dash - insert heaters off | Pt A = 1548
< | ,,:1.':”_’ \ \\“‘- X ® Peo 00
+ 350 —a" P "y 700 m - .
[ il /»".;;v/ Coil 2 “\‘_ - .E 1376 /
= <00 7. el O g.(,)g i C 1204
3 T———\ J{,"i' 1 7)) (It) 0@ A
o 250 el 500 3 1032 N
b = ’(:9“\\ \ b O L ad
Q e5#] "Fe | ) - eo ®
v 2004 g S ~:‘\ ] 3 400 __ U 860 °
; e 5 -\~~, ‘ 4 © .9 009050 00
O 150 LI | 300 © = - cort
3 \ RN | ™7 g ca
= 100 N\ BNy 200 s g
g ~ | =
£ 50 ST 100 = 3
0 L) L) l L L] L) l L) L) l L) l L i L) L 0 x O
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2.50 2.75 g -

Time, s 100 120 140 160

Operating current Section #
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U.S. MAGNET

e New paradigms: quencHree HTS magnet designs?

4 - - N . )
Tradi ti onal super condu(Canwe contemplate a new paradigm for HTS? r
magn et cah subvive quelAHigher MQE => not (?) susceptible to spontaneous
Mot i vati on: guenches => no fArandomo| |

Aspontaneous quenches
precur sor

' ASo far no indication that HTS magnets exhibit training
not contr ol

. . . => no performance enhancement
ATraining => potenti al P e
after quenching Design to eliminate ruraway quenching !?
- J Y
d ¢ & LIA QSh €GT mbhghet training T. Shen et al., PHYS. REV. ACCEL. BEAMS 25, 122401 (2022)
8500 ' ] FIL- o . . j 5000 (i) ____________
w000 ___..% e Adwl 184 RI Ay Rl 3a & 208 T |
Z ol __5;.._;:'-5 "'.:.:- & | 531 | YLJAf S 2 u KS )f.,. AN : u/_S %j"““q L e s st s ke
| e o ACIHNISIY2NE | FGSNI U £ Soo.
5 7000 g s : z
EGSUG E'E(::I @ Sub2 L1 _ | g oy : 3Rgr?1/: rate test
EGUDU —‘E. / | : g”gg 5 - / | 8 1 | == Theoretical short-sample limit
% qwoi KSNIE € 080(S | m sual2 G¢CKSNYIFf NYzyl 61 & ONRARUSNRZ2Y F P81 aAa FT2N OKS LINR O
5500 © Sub4 L1l i i oA A z N - A = v i 1A 4 v 7
. 5 Subd L2 hight SYLISNJ UdzNBE a dzLJSNDO2Z2 Yy RdzOU r3ylsiae

P00 20 3 4 s e | M Marchevsky and S Prestemon 2024 SUST. 37 035012

Quench Number

Quench No.

Office of A A x . A, x A ;o X A R A . = A
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U.S. MAGNET
DEVELOPMENT

PROGRAM Review of challenges and driving questions

AHow can hybrid magnet tests guide development of HTS accelerator magnets?

o0l ow fHeSdacael erator magmestts’dd al | ow
development of processes

A How to handle conductors

A Tooling and assembly process development

A Understand V(I) transition and magnet testing protocols
0 The big Issues appear at higher field

A More stored energy means real magnet protection strategies are needed

ot t,
. | . . S %%
I Extraction via dump resistor may no longer be sufficient 55 g
A Higher forces mean stresses and potential for conductor degradation %,::':,, ‘\§§

-

~ BIN5c10L/

Putting HTS dipoles in a background field is likely the fastest, most effective s =

means of probing these Issues ; “
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U.S. MAGNET

PROGRAM " Towards high fireld LTS/ HTS

ANor k ongoing i nCQ8mP B8MHa nc chmghbirned configur at
oLesson | earned: not siimptegnatedtdoesni, gmu
Nest expec2toeedibywtMby bartticd magheét| evel
oAgain, stdlow ofebatdi velrgt mil|l estone towar
AWi tCIC6Ff SM@Tidut ur21aid REBCO eBrpbelp &rfi lké d

w,;\‘?—@% U.S. DEPARTMENT OF Office of _ _ _ _ _ _
3) ENERGY Science Challenges in Instrumentation and Diagnostics in the Hybrid Magnet Prog&arRrestemon 4/03/2025




U.S. MAGNET

PROGRAM | Review of challenges and driving questions

Alssues that are specific to hybrid operation
0 The potential for spontaneous quenching obutsert must be considered
AConceptqoaftnoehongo HTS protection cannot
0 Independent power supplies has implications
A Need to synchronize/coordinate protection actions, e.g. energy extraction
A Separate inductances and strong mutual inductance complicates LR circuit, response

A Forces/temperatures/stresses may vary depending on details of how protection
actions are taken, e.qg. order of actions, delays, etc.

Test infrastructure investments to enable
hybrid magnet testing are significant!

;gf@@}'fﬁ U.S. DEPARTMENT OF OﬁICe Of ~ ~ o . ~ . . - ~ A - . ~ N _ - ~
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U.S. MAGNET

PROGRAM Instrumentation and diagnostics needs

ADiagnostics that provide understanding; corelated with models => physics
Alnstrumentation that guide operation

0 Protection, e.g. voltage, temperature, current redistributiorgtc

0 System integrity, e.g. strain, and history of temp., current distribution, etc.
AControls software that leverages instrumentation to perform actions

0 FPGAs, cry@lectronics, etc.

Hf\"‘i@'ﬁ% U.S. DEPARTMENT OF Office of _ _ _ _ _ _
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U.S. MAGNET
DEVELOPMENT

PROGRAM

How model il ng -aodneaofBiamawtemrsihme

AMo d el s
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