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U.S. MAGNET
DEVELOPMENT

PROGRAM Outl i ne

Motivation and background

*The US Magnet Development Program: main goals and roadmaps to achieve them
*Major technical areas being pursued

Some key technical developments and progress

*Ongoing collaborations

*Next steps

‘Summary
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Magnet technology Is driving the cost and reach

of a future collider

Accelerator cost distribution

SSC total

SSC cost CERN cost estimates™:

Facilities

Accelerator " L illider $magnets/ $tot
— Ex llid FCC - 4 E:;:riments 57%
isting colliders VHE-LHC | R
100 i Collider concepts O - 4 . LHC: 57%
(or cancelled) v HE-LHC:
2 - 70% (26 TeV; Nb3Sn)
- C’/ - 77% (33TeV; HTS)
IC’ SppC, % % Lowering dipole cost is *. Rossi, “TOE” talk
o the key to cost control b

= \‘5* 72 O (\’) A 2nd order reductions: ( Mmgzde;fmes
|-q-J 60 ’\Q Q‘H 4 NQ Eliminate HEB,
E‘ 2 W 7 2 Main Quads
G
- SSCI Barletta

%0 /‘/ HE-LHC _ —

_ @
- A2k From conductor to magnets
/ = [
< / g e LHC| \ — —
/s 0§ o2 — H7
L .
L < |
! ! L] & l = --
5 10 15 20 | Prelond
B[T] NbTi LHC wire (A. Devred, [1]) NbTi SSC wire (A. Devred, [1]) \{ ,-;.;’:;r;:‘::;.(?j;.(? : °~

OST 169-stack

Collanng

Coil fabrication |::> Magnet assembly |:> Magnet test
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U.S. MAGNET

oeveLopMeNT N 3Sh accelerator magnet technology is finally being installed in

a collider - in the interaction region quadrupoles of the LH-LHC

Basic R&D - Programmatic ( ex: US MDP ) s Technology Development @ ip Joiig
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No bore

- < 110 mm bore *©
~

N\
\

(ex: LARP) ™% noat
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2003 T
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i

||| Coil design selection TQ Mirror

l ) g
Technology Quadrupoles Long Racetrack /
TQS, TQC | LRS
I m long 3.6 m long
90 mm bore No bore I.
‘ 1

Project

K (ex: HL-LHC AUP) j

Project

Long Quadrupole
LQS

3.7 m long
90 mm bore ™

High Field Quadrupole
HQ

1.2 m long
120 mm bore

2015

)
4
'
1L

Large aperture quadrupoles

Coil Fabrication P - HL-LHC AUP Q1/Q3 Cryo-Assemblies ’.’ m :
i g —— - — |

(FNAL)

Magnet Schedule Chart
Cable AT Magnet Test | !
Strand Procurement S Fabrication
Fabrication 4 ! {
' (BNL)
(FNAL) (LBNL) (LBNL) @ DOE CD-1/3a Approval — -/
Coil Fabrication @ DOE CD-2/3b Approval :
4 DOE CD-3 Approval 14 y
DOE CD-4 Approval (earliest) ¢ 4 DOE CD-4 Approval - Ml ™
(BNL) STRAND PROCUREMENT ‘
LARP Strand ¢ CABLE FABRICATION ] :
LARP Cables and Coil Parts ¢ COIL FABRICATION — g : \
MAGNET ASSEMBLY ‘ -
LARP Magnet ¢ VERTICAL TEST _ 4. ' o
i Lol | e e ) ) St - Production Tasks # 3
I CO';’ Mass | | Cryostat | CERN Cold Mass Parts 4 COLD MASS ASSEMBLY @  DOE Milestones : ‘ | i
| arts | I Kits . 4 External Dependency Milestones - H
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U.S. MAGNET

DEVELOPMENT The “magnet zoo” in colliders are all based on Cos(t) designs,

whereas accelerator R&D magnets explore other options

Cos 0 Common Coil Block

‘R&D magnet designs -
explore layouts that attempt .. .. m o stess
to address issues associated ' s
with conductor strain (to
avoid degradation) and
reduction of conductor/coil
motion (to minimize training)

CCT

LBNL TAMU

4.5T 5.3T
*At high field “managing”
stress through judicious o
force interception will be 0
required

LHC, 60mm
Shiltsev/Zlobin, (FNAL) SSC, 50mm LHC, 56mm 11T 1 9K VLHC, 43mm
6.6T, 4.3K 8.3T, 1.9K ENAL/CERN 10T, 4.5K

)
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Maghets start with the superconductor: we are about to put Nb3Sn into

a collider for the first time, and are investigating the potential of HTS

Nb-Ti V
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2 / (Boutboul et al. 2006)‘ ‘ Reducing the temperature from 4.2 K j e Sl
P ) produces a ~3 T shift inJ, for Nb-Ti S
o~ X = ==
~ D4 8D\
E )S( Eh . ow . 55x18 filament B-OST strand with NHMFL
E X . 50 bar Over-Pressure HT. J. Jiang et al.
S~
s 103 T X [ :
-'g - 2223: B || Tape Plane
c - / Sumitomo Electric (NHMFL) |
8 E - ey A
) . 4 <> <\., A\ 2 >4
: - v (\} <\ </>
7 i — . W e P I e
v " A - - " — i A
- 2203: B | o o X - —
S ontrolled
(@] Tape Plane MEM'éa ’2’223. BT REBCO:B || Tape plane
r Nb-Ti Sumitomo \ Reiet TP o~ REBCO:B L Tape Plane
- s ol Electric (2012 * Plane sumitomo Bi-2212: 50 bar OP
™~ 2 4.22K ngh Field prOd.) EleCtriC {NHMFL) * |- . ar
= 10+ ’V;f’ “; °;’d i Bj-2223: B || Tape Plane
uvaia,
: i ‘ \ ¥~ Bi-2223: B L TapePlace
A / B ¢ Nb;Sn: High J, O Bi-2223: B L Tape plane (carr. cont.)
3 Nb,Sn: Ry e Bj-2223: B L Tape plane (prod.)
Q - MgB,: 2nd Gen. AIMI 18+1 Bronze Process \\ wesOmes N b3Sn: Internal Sn RRP®
2 Filaments , The OSU/ HTRI, y ) | st NbsSn: High Sn Bronze
S 2013 & o, e Nb-Ti: LHC 1.9 K
~ ek == = Nb-Ti: LHC 4.2 K
4 4543 filament High Sn (T 10 apers B
Bronze-16wt.%5n-0.3wt%Ti T i * *¥e < Nb-Ti: ngh Field MRI 4.22 K
(Miyazaki-MT18-1EEE’04) MgB,: 18+1 Fil. 13 % Fill
| | | | | | | | | | | | | | | Vi | ] Ty r— ! T I 1 ! ) — r— I !
10 ! 1 1 1 1 | | 1 1
0 5 10 15 20 25 30 35 40 45
April 2018 Applied MagneticField (T) WIAGLAB

Workshop on Advanced Superconducting Materials and Magnets

KEK January 22 2019




U.S. MAGNET

DEVELOPMENT The US HEP Superconducting Magnet Programs are now integrated into

the US Magnet Development Program

HEPAP Accelerator R&D Subpanel recommendations

L% The U.S. Magnet
2\ Development Program Plan Recommendation Sb. 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 5c. Aggressively pursue the development of Nb,Sn magnets
suitable for use in a very high-energy proton-proton collider.

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

A. V. Ziobin, L. Cooley

by Recommendation 5e. Engage industry and manufacturing engineering
D. Larbalostior disciplines to explore techniques to both decrease the touch labor and increase

Florida State University and the
National High Magnetic Field Laboratory

Tallshassee, FL 32310 the overall reliability of next-generation superconducting accelerator magnets.

JUNE 20186

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

DEVELORMENT The US Magnet Development Program was founded by DOE-OHEP to

advance superconducting magnet technology for future colliders

US Magnet Development

: P DP) Goals:
7 A% The U.S. Magnet Strong support from the Physics G;?_r:m PR Goais

/' Development Program Plan Prioritization Panel (P5) and its Explore the performance limits of

sub-panel on Accelerator R&D Nb,Sn accelerator magnets with a focus
on minimizing the required operating

margin and significantly reducing or
eliminating training.

GOAL 2:
A clear set of goals have been developed Develop and demonstrate an HTS

: accelerator magnet with a self-field
and serve to guide the program of BT Drasier comastinia itk

operation in a hybrid LTS/HTS magnet
for fields beyond 16T.

S. A. Gourlay, S. O. Prestemon
Lawrence Berkeley National Laboratory
Berkeley, CA 94720

GOAL 3:

Investigate fundamental aspects of
magnet design and technology that

A. V. Zlobin, L. Cooley
Fermi National Accelerator Laboratory
Batavia, IL 60510

_ Technology roadmaps have been can lead to substantial performance

Florida State University and the improvements and magnet cost

NationHigh Magnetc Fild Laboratory developed for each area: LTS and HTS eduction

Tallahassee, FL 32310
magnets, Technology, and Conductor R&D COAL 4
Pursue Nb,Sn and HTS conductor
U.S. MAGNET . .
() DEVELOPMENT R&D with clear targets to increase
performance and reduce the cost of
accelerator magnets.

JUNE 2016

\u‘n% U.S. DEPARTMENT OF Office of
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U.S. MAGNET
PROGRAM T The program has well-defined goals, and is structured with technical

leads who are responsible for delivery

US Magnet Development

Magnets Lead Program (MDP) Goals:
GOAL 1:

Cosine-theta 4-layer  Sasha Zlobin " ——
. . % Nb_Sn accelerator magnets with a focus
Canted Cosine theta Diego Arbelaez on minimizing the required operating
margin and significantly reducing or
Bi2212 dipoles Tengming Shen eliminating training.
REBCO dipoles Xiaorong Wang > GOAL 2
Develop and demonstrate an HTS
accelerator magnet with a self-field
of 5T or greater compatible with
Technology area LBNL lead FNAL lead operation in a hybrid LTS/HTS magnet
for fields beyond 16T.
Modeling & Simulation Diego Arbelaez Vadim Kashikhin GOAL 3:
Training and diagnostics Maxim Martchevsky Stoyan Stoynev Investigate fundamental aspects of
magnet design and technology that
. . _ | % can lead to substantial performance
Instrumentation and quench protection Maxim Martchevsky Thomas Strauss improvements and magnet cost
reduction.
Material studies — superconductor and lan Pong Steve Krave GOAL 4:
structural materials properties Pursue Nb,Sn and HTS conductor
R&D with clear targets to increase
Cond Proc and R&D Lance Cooley performance and reduce the cost of
' 4 accelerator magnets.

> 3\ U.S. DEPARTMENT OF Oﬁ'Ce Of
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U.S. MAGNET

DEVELOPMENT The MDP Nb3Sn magnet efforts continue to progress as outlined in the

MDP Plan document, but the evolution will depend on results

Area I:

Push traditional Cos-theta technology to its liméawith newest conductor and structure
Nbs;Sh magnets |

Cos-theta 4-layer 15T ore 'oad mods 15T with Cos-theta 4-layer 16 T

- —

Leverage latest Nb,Sn and Blagider and  Img ct of preload on Optimized 16 T design.as baseline

CCT - 2-layer 10T

1st model Address Address Test sFocus on HTS insert
conductor assembly alternative training
expansion issues materials Prepare for

HTS inserts

.then demonstrate 16 T fields, and furthermore use for hybrid HTS-LTS dipoles

| CCT - 8-layer 16 T demonstration ————)
1| COT - 4-tayer 13T model ——> CCT - 8-tayer 15T for hybrid

- 1st model improvements & HTS insert testing
y - reproducibility;

- possible element

of future 16 T

Office of
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U.S. MAGNET

DEVELORMENT The MDP HTS magnet development is progressing well, and the long-

term vision is starting to be fleshed out

Area ll: o : >

HTS magnet O O O O O
technology 5 ©
ScE Fundamental magnet technologies development
S 8 8.
= 30 Coordination & integration of conductor activities in U.S. with subscale magnet fab & test
87§
5-10 T common coil dipole )
il CCT subscale coils CCT coils in high-fields ¢
1)
S & 5T CCT dipole 8-10 T CCT dipole
o —_—
= I5-18 T NbySn/2212 hybrid ~ 18-20 T Nb3Sn/2212 hybrid
10 T dipole
5 T dipole |
ol | T insert 7 T insert
O 2 2-3 T insert -
i g 20 T Nb3Sn/REBCO hybrid dipole

Office of
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U.S. MAGNET

DEVELOPMENT Key science components of the MDP Plan are
Technology Development and Conductor R&D
Area lll:
The science of magnets: >
identifying and addressing Hybrid magnet test facility - Plans getting fleshed out
the sources of training and M - Leverage existing facilities (e.g. BNL) where appropriate
magnet performance -

limitations via advanced
diagnostics, materials
development, and modeling

- Active area - need more magnet tests with
variety of diagnostics!

- Good progress - great area for
collaboration=> Universities, industry

- WNateras

rAouvalnnmant

" - Expect to be a focal point over the next year

* ot . L3 . { ’ v "
‘ ¥
" K
Nt N e e 2 o e XMA WS R YT b
g . rC v Fg [ g '
\ [
i
Pl ~ A0 Pt o5 Asrredr,
b . 1= . 0% ’ s . e RN - e
[ o P - S - v
.
1. ot ot A e e -
—— e - - I

30 Mechanicai FreA Mo /el optimization with FEA ’ - Very good progress, but need to identify priorities
3D Magnetics

and develop milestones
Multiscale modeéling and ana.vsis Y4ul

N~ —

S anmuupunTmEaTToTTY

OF Office of
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U.S. MAGNET

DEVELOPMENT Conductor development is pursued through leveraged

iInvestments and coordination of industrial efforts

* A Roadmap has been developed to clarify CPRD’s vision of
furthering conductor development, supporting ongoing magnet
development needs, and coordinating critical R&D from other
funding sources in support of MDP goals (e.g. SBIR program)

: LTS The 2018 Low Temperature/
= A5 High Field Superconductor
Workshop

4

Program

MONDAY. FERRUARY 12, 201

* Nb3Sn advances continue to be pushed

T e Hegirtrotmn A ( sorin wiel vk ton

o Advances in understanding of the chemistry of Nb3Sn heat Seschn (o - Magust Pl - g Emeyy Fipeies

asom | diers (s ades & e 0 e

treatment = significant improvement in J. for small dess
o Investigate potential for APC (and other advanced...) Nb3Sn
o Ohio State, FNAL LDRD, FSU

35 years of exceptional service to the community

: : : : Fs WA o~ U.S. MAGNET
* Advances in Bi2212 powder processing + overpressure processing 9‘ |.AG|_AB &)\ DEVELOPMENT
e Cooley, Ph.D.
H dC nductor Procurement and R&D Program
. USHEPMg et Dev I.p_mentProgram_ _ o
* REBCO development focused on leveraging SBIR and g Ao Ty —
Complementa ry programs; ldcooley@asc.magnetfsu.edu
O MDP provides measurements and conductor performance Roadmap for Conductor Procurement, Research and Development

October 6, 2017

feedback to developers and vendors

Covering DOE FY 2018

Office of
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U.S. MAGNET

DEVELOPMENT A Cos(t) 4-layer design led by FNAL is being pursued with the

ultimate goal of achieving ~15T

Design minimizes midplane stress for highest field

* A technical challenge is to provide adequate
prestress on inner coils

* Intrinsic difficulty with 4 layers A Thanks to CERN!

 Collared-structure approach includes new
features that provide some prestress increase

LY [/

during cool down =i "
Eﬁ 100% SSL  87% SSL * Thin StSt coil-yoke spacer i
é /  Vertically split iron laminations IJ_?
* Status: ::: N * Aluminum |-clamps “ I [ 1
o Coils fabricated Efﬁ « 12-mm thick StSt skin Sl

. . * Thick end plates and StSt rods
 Structure designed, fabricated

* Mechanical model assembly completed
* Assembly readiness review completed
* Assembly underway now

60-mm aperture, 4-Iéyer graded caoll

EEEEEEEEEE OF OffICe Of

"9, ENERGY | science S. Prestemon Workshop on Advanced Superconducting Materials and Magnets  KEK January 22 2019



U.S. MAGNET

DEVELOPMENT The Canted-Cos(t) concept led by LBNL is being explored as an

alternative for high-field magnets

« (Canted Cosine-theta:
e CCT4 (the second Nb3Sn CCT 2-layer magnet) was tested, and thermally cycled
e CCT5 incorporated modifications based on CC4 experience
* Magnet was tested and thermally cycled
 Subscale CCT currently being pursued for fast turn-around technology development

( . * Force Release After Cuﬁ
epoxy filled

Kapton bag
CCT3 CCT4 CCT5 shell

Bore size [mm] 90 90 90

1.25 mmgap 1.65 mm gap layer 1 Directional
Groove design | constant width™~ atpole " at pole Fre-Load G

RRP54/61 = RRP54/61 _RRP 108/127 \ Applied Force
Conductor Ta doped Ta doped Ti doped Conductor damage Instrumentation Trace After Potting
HT Temp [C)] 650 ™ 660 665 Fleld quality

. . * Cost and scalability

Potting -— individual e Trainin
configuration full magnet full magnet layers g ===
Epoxy CTD-101K CTD-101K | FSU Mix 61 Vtaps
Layer-to-layer = Thermometer
Interface bonded mold released bend & shim

Heater

&%, U.S. DEPARTMENT OF Office of
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U.S. MAGNET

DEVELOPMENT CCT test results show significant training - feedback has led to

improvements, but further improvements needed

*CCT4 conductc "+ "'~ anTs measnenAn asTe 4anaas nnm

*CCT5: First qu

training quenc
o After initia “

O After appr¢ =
current (sil

S4s

CCT4 Training P

——— T T
......... L e | 10_25 2018 1 54 28 PM_A05 Q1 12371A HS Angle ]-107.137 HS Axial -14.8539 M 4 A Ma
'~ ~15000- | i ) [—— M AN A
After Thermal C < —lis1 o
18000 % 14000- Pote 1) = & &
oie
o A Ak
€< £ 13000- sa T '.‘“A‘*A“ £y
pv—— 11.3 Miits £ 12000- ° o e (—— . 5
16000 - £ 11000- 55 s3 855830 A
-] Imag (A) » g A
d 10000'1 1 | | 1 1 1 | | 1 | 1 | I | | 1
AV g 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 |12172-9 Pole (S) 7
v vV S2
&\ vv v , Quench # L [Eview AL d -
~ 14000 1 va 4 = — 3 ST : — - r = | S1 /\l A
= W vy 20000 15 L A 6 A . rT i
w.r = e sl
= 10000- S e s2 |/\
3 E £ 2P 5_ g’ 2— 53 i =
O ¢  5000- g 8 /N &2 [
£ _ g o s o :
(¥ 0 5 9 > _— s3 |/\
+ S v -2
9 -5000- = .5- G = $3 [, 7 I
[5)] 1 o 3 _4- L -
£ -10000- 1.0t time: S v 3 7 4 CCT4 L1
-15000- \__________ =10 < 6- defta sS4/
2.49132E-1 — CCT4 L2 |
-20000-, | , | . -15- . . . . -8- | . | | o2 0- . . - L
0 01 02 03 04 0 01 02 03 o04 0 0.1 0.2 0.3 0.4 G epe 0 0.0001  0.0002 0.00031¢ s5 [/ A CCT5 L1
| R | Time (s) | ERel | Time (s) | " e | Time (s) 42 Eew Time (s) s [ | |
/ S L -
Quench Number Quench Number
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U.S. MAGNET

DEVELOPMENT On the HTS magnet front, Bi2212 has matured to become a

magnet-ready conductor

. Nano-spray combustion

« Bi2212 has made dramatic strides in J, over last 3 years => ready for magnets = powder technology 9000_ T T * T * S *
Wire has been cabled and tested in racetrack configuration (RC5) * 95x18 wire design ol @ > o— o RCE6 -
First Bi2212 CCT dipoles have been wound and await reaction and testing Ig
soon « At15T, J. - 1365 A/mm2, o : ]

twice the target desiredby 3 [ ]
o Roadmap integrates B|2212 CCTina hlgh-fleld hybrld magnet design /(I 9 y ° i RC3
— _ B o .o o — the FCC Nb3;Sn strands g L A—A————A .
i b 9 6000 RC2 .
| e N ]
« At27T, J.-1000 A/mm2, ool m RC1 ]
adequate for 1.3 GHz NMR. L

N N N 1 N N 1 N N ]
0 30 60 90 120 150 180 210

Ramping rate (A/s)
'- Bruker OST wire + nGimat pOWder 10000- OPHT+ NEW condUCtor 2000 LI Y ltloslslestrlrrrlrrerrsrrrrrrrrrcs
4500 - + NHMFL OPHT 9000 - /powder
~ « PMM170123, RCS strand | e HL-LHC Nb_Sn strand
;7 4000 - 8000 - &
Efl : _ i <<£ 1600 - L A -
! 3500 A I Nimat
< | et ) e | nGim = A~o_Bi-2212, PMM170123, RC5/6 -
@ 3000 i wire exans powaer 2 6000 - RC-OZ 2 » .
NHMFL OPHT N\ / t LBNL RCS5 ;; | p o Tagiacared Matursa™ = 1200 - -
E 2500 y o~ 5000 f p— 1\ ATIONAL B
< 2000~ o LBNL RC1, SSL S dioi 11 bar HT ' RC-01 AGLAB X
< o i | N 800 - -
O LBNL RC1 ™= y -
=’ 15°°~ g — HTS-SC-08 ¢ cc.10 : X 2.3 a
@ OST NHMFL 10 bar 4 K¢ e . BRUKER :
£ 1000- () =———C1OST i .
';' ‘ / OP solenoid, 2000 | === j* '''''''''''''' o=t 400 - c \ -
L B O™ 1000 |HTS.5C.04 HTS-SC-06 .
& 0 ) O — Ol solenoids ! ool A
-‘1‘- .",‘om?, : I y T ' T r r v r 0 1 T T T T T T T T T T T | r:}l'"| 0'l'l'l'l'l'l‘l'l'l'l'l'l'l'l'l'
@ 1985 1990 1995 2000 2005 2010 2015 2020 2006 2008 2010 2012 2014 2016 2018 B—— o 0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32
Year Year K j B (T)
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U.S. MAGNET

DEVELOPMENT Work on REBCO is focused on the development of CORC cable

in @ CCT configuration - steady progress towards MDP goals

REBCO development focused on CORC® cables and magnet technology development
o 3-turn CO “dipole” was used to develop winding tooling, fabrication processes

o 40-turn C1 dipole was then fabricated and tested

o 3-turn C2 has been fabricated and tested; full 40-turn C2 being fabricated

0.7
2.0 N ’}
42K \ wire lc 0.6 € \ 4 s
LS ) <05 ' E
. Transition started g W 20 £
1.0 i £ =
3" w 0.4 - — P E
Conductor & ¢TF 10 &
05 o 0.3 / A R.min
_ Y, : 5
0. 1 . 3 4 5 e | | v
Currant (kA) 0O 10 20 30 40 S0 60

Tilt angle (degree)

* Today: 220 A/mm2 at 21T, 4.2
K, 30 mm bend radius ;—-—-—fiﬁf——

e Goal: Minimum J; at 3.7 mm 7/
wire diameter: 540 A/mm2at -~
21T, 4.2 K, 15 mm bend |

radius

¥ Office of
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U.S. MAGNET
DEVELOPMENT
PROGRAM

designs that build on current efforts

Design Team
16 T Dipole design:
Leads: Zlobin and Sabbi

NbaSn design targets

Each magnet concept should provide

REN

(- \ U.S
&y \
& N (5)\

-\

( <
Z, </

2 <4

STATES 0%

Description of magnet design including

o Strand, cable and insulation (before and after

reaction)

o Colil cross-section (number of layers, number of

turns, conductor weight/m/aperture)
Coil end design concept

Magnet support structure including transverse and

axial support

o  Quench protection system in the case of no energy

extraction

Maximum magnet bore field Bmax at conductor SSL for 1.9

Kand 4.5 K
Dependence of Bmax on conductor Jc(16T,4.2K)

Calculated geometrical field harmonics, coil magnetization
and iron saturation effects in magnet straight section at

Rier=17 mm for B=1-16 T

Stress distribution in coil and structure at room and

operation temperatures and at the nominal (16 T) and

design (17 T) fields

Coil-pole interface (gap) at the nominal (16 T) and design

(17 T) fields

Coil maximum temperature and coil-to-ground voltage

during quench w/o energy extraction
Cost reduction opportunities

.S. DEPARTMENT OF OffICe Of

NERGY Science

S. Prestemon

Design Team

Utility Structure design:
Lead: Mariusz Juchno

Cos-Theta

No internal

support structure

Magnetic field in conductor

H

Cos-Theta
<50 MPa at RT
<200 MPa at 4K
<190 MPa at 15T

No internal

support structure

Azimuthal stress in conductor

Internal support structure
(stress management)

T

We are looking closely at options for future high-field magnet

CCT-CT

CCT
<60 MPa at RT
<200 MPa at 4K
<160 MPa at 17T

CCT-CT
<100 MPa at RT
<200 MPa at 4K
<170 MPa at 18T

T ——————

f
T
limmﬂu :

%7
%%

=}

ternal support structure
(stress management)

THITE

Workshop on Advanced Superconducting Materials and Magnets
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U.S. MAGNET

DEVELOPMENT We are looking closely at options for future high-field magnet

PROGRAM

designs that build on current efforts

First look at Hybrid designs

“Stress-managed Cos(t)” Current focus for CCT High-field concept

Justin Carmichael (FNAL-ANL) * 4-Layer CCT Design with option for —ll] I:N%SZ

2 v insert S, o

120-mm aperture SM coil design P "3 oporating at - 80-85% 0t B ee ]

is complete : short sample to allow for insert )%

: coils R 22=Z g—

o Bore size of 90 - 120 mm — = aizron

(depends on HTS needs and P S SSS 336403
results of magnet design study) 22NN S

o Very conceptual design studies =TONRNNAE -‘3“5'*"""

have been to explore very high s\ oS G

field scenarios

Rallal g DT TRRYE ) AV L SUEEEPE Y

Design studies of 16 T dipole with
60-mm aperture is complete

Large-aperture SM coil
technology development has
started

anagement =~ — e — . 0 o
S LTS coils . _ HTScoilsin the
high field region

&%, U.S. DEPARTMENT OF Office of
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U.S. MAGNET

DEVELOPMENT Diagnostics are critical for understanding of magnet

performance and to provide feedback to magnet design

Groupl Trigger Time: 2017/08/08 13:359:2¢ Number of Data: 9135270

r SamplingInterval:40.000us

oo CIGNE

L Active acoustics can utilize phase-shift of the complex signal
Acoustic signatures response pattern to identify thermal changes in the system =>
provide a wealth of P P y & Y -

zfzz;zﬁze;5-553z-zzz:zzz;;;é;ézz;;__ mmn'ﬂmm n . . »
mwnﬂwmwuw data on energy independent mechanism to see transition

13:35:26.00000 13:45:31.4107¢
ICHl =-9_999E+00V: 10.00E+00V CHZ =-10.00E+00V: 10.00E+00V CH3 =-5.99SE+00V: 10.00E+00V 25X106 T T ; T : . : 50

B mamotcunpnt '_'f'_ R Y = 1 |

—

Pos 13:45:30-311}7{; 13:45:27.289};: & ik = Bcu 6. sssvmv pe rtu rbatlons In —r— | —Stdevof At 1000_- ‘ Current‘
"~ ————————————————————————————————————————————————————————————————————————— E?rfmi"“"fnuommmnam 2.0x10° 440
B queneh B2 | magnets e g

L s e T ‘ £ 1.5¢10° 5 110

fffff — e e o s e T \ @ 5 S

ol = 5 ©
e e 1LOX10 "+ 2
g . 9B77TA 5 i 120
I 0.06. e ggzsA é Bl ] | m 20 S
- 10197 A _ _ _ _ _ ™
0.051 . 11175A = “Acoustic thermometry for detecting quenches in superconducting coils and
St o ! j }33249?? conductor stacks,” M. Marchevsky and S. A. Gourlay, Appl. Phys. Lett., vol. 110, p.
S : e 13612 A 012601, (2017), doi:10.1063/1.4973466
. - b . 14461A « : : :
= g 2 ‘ A - 16266 A = “Quench Detection for High-Temperature Superconductor Conductors using
Lok _16581A Acoustic Thermometry “, M. Marchevsky et al., IEEE Trans Appl. Supercond. vol
\_ 28, issue 4 (2018), doi:10.1109/TASC.2018.2817218 W
* Events have different frequency content:
_ , AT~1T6K -y
_ _ | Pencil lead break: Ball drop: * C P , . : , ‘ o= 80 ¢
Wavelet analysis provides | | | = SaN e g
robust mathematics platform L | _ At ~3.5 ns | L §
: ] '| P“l T s s R e b
1 E . l ; _Ats Atsz
1 ) I 1
' —"_—"_ iw“q»\w - " i ; i B
e AU, ~ 7.6 mV (68 pV/cm) I A 2
\ AR T
—0

R 0 20 40 60 80 100 120 140
* Time (s)
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Office of

EN ERGY Science

Acoustic signals are very sensitive to magnet component

properties

CCT5 Training Be

navior

ﬁ).g
o
o

Quench Number

.

a A4, ™

= Test 2 ok 5% & A:‘“ : A 1
O “ . “ 8% s

08 B A A :“‘*& Ap i
o Test 1 1“:5: a, ‘;s AAA . A
g- A'“t A ‘A A
S AN L
N 0.7 = A o
+ A AA A
O a
= =
'-.U-) 06! A Thermal Cycle
@) A
- A
ugi ' Quench Current Relative to SSL Ao CCT5 L1

20 40 60 80 100

Current [kA]

17

16 |

O P S (R |
© O =<2 N W H O

& Quench Current

s CCT4L1|
CCT4 L2 ||

4 CCTS L1

0 20

40 60
Quench Number

80 1(y

~

\_

“Mix 61”7 ‘h mm vk
el PR o W“‘*—-——_—’

Acoustic signals
were slowed the
original 1 MHz
rate down to
174600 Hz

~

_
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U.S. MAGNET

DEVELOPMENT Novel magnetic measurement and quench antennae designs are

providing new and complementary insight into magnet behavior

* Flexible circuit quench antennae
* |Inductive stationary pickup loops to detect magnetic transients

* Diagnostic for determining quench start location and
development => Have worked well for longitudinal localization of
quench.

Pads improved to
withstand more heat
during soldering

Quench Scan Data

. Svmitf/ data/ Quench/vmtf_1.maxfsid/ maxfst d.Quench. 1804251 23542.150 -
I I | I | I -

I
e—e 51=V1 _\}OQAntCBS kSeM_1]

0.104 — f

0.102 —

Flex QA panels within aperture
~ (tangential mounting)

0.100 —

0.088 —

0.066 It 1 | L | 1 | L [ -
—0.08 —0.06 -0.04 —0.02 0.00

Quench detection
trigger

&%, U.S. DEPARTMENT OF Office of

Joe DiMarco, FNAL

* Following idea of T. Ogitsu, et al., “Quench Antennas for
Superconducting Particle Accelerator Magnets”

Each PCB has radial
bucking of dipole

and quadrupole at
level of 100

 Simultaneous sampling at 10-100kHz.
* Quench event detected as field disturbance in all coils

* Longitude quench location found by having multiple sets of
MV antennas

 Can locate quench in azimuth and radius (though outer layer
quenches difficult) by solving for voltage response of set of
probes*

Strong potential for applications:

- Can characterize persistent and eddy current behavior,
maghnetization effects, decay and snap-back at injection,
maghnetic field transients from mechanics or flux redistribution
(spike) events, etc.

.Y, ENERGY | science S. Prestemon Workshop on Advanced Superconducting Materials and Magnets KEK January 22 2019



U.S. MAGNET

peveLopvent  [Viodeling capabilities continue to be developed that have broad applicability to

PROGRAM

superconducting magnet technology

 Advanced multi-physics coupling using custom elements, and leveraging of computing clusters with FEA

o Electromagnetic Regions ~\mllltl-ﬁeld Solvel‘/ Thermal Regions
GenmetGearation Sopion _ S —— B S. Krave, FNAL
Post processing .

MeShlng > N temp

joule heatingi ‘

. temp

Replace code which builds element matrices: uel.f, uec.f -> compile custom ANSYS.exe joule heaﬁngé

B, quench stateé ‘

Azimuthal Streas, MPa

Available Element customized by defining Element matrix generation is now >
- node location - element shape functions determined by user program

= |OadS ﬁ o materia' propel'ties: if comp'ex function deSired i stiffness, damping' etc. I coupled Wlth Stranded fonnulation -------------------------------------------------------------------- .

- node temperature (T,B,Jc,etc.)

- material prop. - formulation

Anmathal Strun

Brouwer, LBNL; Auchmann, PSI/CERN

TH . ; 1 === ANSYS 800A 50mOhm

E e 800 deviation due to IFCC only —Pure LIR|1 Deviations from ‘. ke e SIS D
i —ANSYS AC losses only \ 1 st ANSYS 400A 50mOhm
: 700 start of quench J a e Test Data 400A 50mOhm
e 0.8] '
: SEERER 600 deviationdueto IFCC
l ZISKEIRKE 3
: ’ﬁ? and quench resistance a.s
| ':/\ 500 8.73546 i 0.6
E \ g - 12.9709
E /\ - temp. at 30 ms :7'206: >
: == < 3 1.441 04 F
| *’; 300 F 25.6773. =

% : “: 29.9128
| DRIES 200 sy 1 Deviations from AC
I Eg’:g 38.3837 l}H . 0.2F
| B e g losses, resistance
: - | ' I growth, yoke
,E - 0 1 1 — . ———— 0 1 1 1 1

- 0 50 100 150 0 10 20 30 40 50
N e o time (ms) t (ms
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International and industrial collaborations are underway in
support of the MDP mission

Activity

International
Provide coil parts

Mechanical analysis

History and Documentation of
Nb3Sn Magnet R&D

CCT Development

CCT Instrumentation

Acoustic Sensor Development
Acoustic Sensor Development

Acoustic Sensor Development

ﬁ/‘\\ﬁ U.S. DEPARTMENT OF Office of

\@/ E N E RGY Science

MDP Relevance

15T Dipole
15T Dipole

MDP Nb3Sn Program

Nb3Sn CCT
Nb3Sn CCT
Technology Development
Technology Development

Technology Development

Collaborating Institution

EuroCirCol/CERN
CERN/U. Patras

EuroCirCol

PSI

PSI

Danish Technological Institute
CERN

CERN

Contact(s) Contact(s)

Tommasini, D., Shoerling, D. Zlobin, A.

Zlobin, A.
Schoerling, D. Zlobin, A.
Auchmann, B. Brouwer, L.

Auchmann, B., Montenero, G. Marchevsky, M.

Zangenberg, N. Marchevsky, M.
Willering, G. Marchevsky, M.

Kirby, G. Marchevsky, M.
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U.S. MAGNET

DEVELOPMENT Next steps: focus on quantitative developments that provide

lasting benefit to the community to enable high-field magnets

Real progress in accelerator magnet performance will require improved understanding and control of the many
(very many!) designh choices, fabrication processes, and operational parameters that go into accelerator magnets

O The priorities are somewhat different for HTS and for Nb3sSn due to maturity of material as well as material
characteristics

* Nb3Sn: understand and control magnet training and conductor strain,...

 HTS: develop magnet fabrication processes, develop protection paradigms, understand and control
conductor strain and degradation,...

0 Advance the “toolbox” of magnet materials and processes
* Epoxies, structural materials, interfaces, surface prep. (e.g. eliminate Carbon residue),...
 Simplified structures, process reproducibility, reduce parameter sensitivity,...

0 Advance the “toolbox” of diagnostics that provide feedback from conductor and magnet performance to
magnet design
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U.S. MAGNET
DEVELOPMENT

PROGRAM The US MDP Team at last week’s Collaboration Meeting
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U.S. MAGNET
DEVELOPMENT

PROGRAM S u m m a ry

*High field magnet technology is actively progressing in the US
O The US is playing a critical role in the interaction region quadrupoles for the LHC upgrade project
O High field magnets are central technical elements, and the primary cost-driver, of a future collider

* DOE-OHEP initiated a national program - US MDP - to maintain leadership in high-field accelerator
magnet research

O Leverages strengths of longstanding programs at the National Laboratories and Universities

*We are balancing our efforts to maintain progress on multiple fronts
o0 Significant progress on Nb3Sn magnets
o HTS magnet development - on both Bi2212 and REBCO fronts
O Critical technology developments that guide magnets... and are of value to the broader community
0 We have developed a coherent conductor R&D roadmap to continue advancing performance

*We have a strong, and growing, list of national and international collaborations
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