US Magnet Development Program
after one year
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Outline

*High level program overview
O Review of the program foundation
0 Management and technical oversight structure

*Progress on the MDP roadmap

~ <Flavor of some technology developments underway -

*Overview of MDP-alighed collaborations

Conclusions

RERT O,

SR T OF Office of

- 232

LY/ENERGY | science Soren Prestemon FCC Week, Amsterdam, Holland April 11t 2018




U.S. MAGNET

DEVELOPMENT The US Magnet Development Program was founded by DOE-OHEP to
advance superconducting magnet technology for future colliders

Us Magnet Development

_ Program (MDP) Goals:
Strong support from the Physics SOAL 1

Prioritization Panel (P5) and itS Explore the performance limits of
SuU b-pa ne| on Acce|erator R& D Nb_5n 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
a nd Se rve tO gU |de the prOgra m of 5T or ﬂl’EElt-El' Eﬂmpaﬁhlg with
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:

A. V. Ziobin, L. Cooley Investigate fundamental aspects of

Fermi National Accelerator Laboratory

Batavi, IL 60510 magnet design and technology that

D. Larbalestir Technology roadmaps have been can lead to substantial performance
SN i O e improvements and magnet cost

ot o i developed for each area: LTS and HTS reduction.
magnets, Technology, and Conductor R&D SOAL 4

- Pursue Nb.Sn and HTS conductor
# ™, U.S. MAGNET N .
) ) PRkt R&D with clear targets to increase
= performance and reduce the cost of
accelerator magnets.

JUNE 2018
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U.S. MAGNET
PROGRAM T The program has well-defined goals, and is structured with leads who are

responsible for delivery

UsS Magnet Development

Magnets Lead Program (MDP) Goals:
GOAL 1:

Cosine-theta 4-layer  Sasha Zlobin -
Explore the performance limits of
: : % Nb_5Sn accelerator magnets with a focus
margin and significantly reducing or
Bi2212 dipoles Tengming Shen eliminating training.
REBCO dipoles Xiaorong Wang > GOAL =
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 SOAL 4
Training and diagnostics Maxim Martchevsky Stoyan Stoynev Investigate fundamental aspects of
magnet design and technology that
: : T S can lead to substantial performance
Instrumentation and quench protection Emmanuele Ravaioli Thomas Strauss improvements and magnet cost
reduction.
Material studies — superconductor and lan Pong Steve Krave —
structural materials properties
o 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
o a4 accelerator magnets.
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U.S. MAGNET

DEVELOPMENT We are building strong programmatic interconnections between the

participating labs

o CPRD .
*Clear leadership roles in...
0 Cosine-theta: FNAL — —
Cosine-theta LBNL
0 CCT: LBNL o
0 CPRD: ASC/NHMFL
- 3
CCT
FMNAL
*Joint advances on HTS and Technology - |
B Bi2212 — —
*Significant interaction on all fronts e > ASC/NHMFL
—
REBCO

« Committee: Giorgio Apollinari, Joe Minervini, Mark Palmer, Davide Tommasini,
Akira Yamamoto (excused), Andy Lankford (designated outsider)

* Very impressive progress and accomplishments during the past year.
« As reported in an excellent set of presentations on a wide range of Technology
Important, essential, challenging topics
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U.S. MAGNET

DEVELOPMENT The MDP team is progressing on the path for magnets outlined in the

MDP Plan document

Area l: 2016 2017 2018
N b35n magnets Push traditional Cos-theta technology to its limit with newest conductor and structure
[P ! 15T with PO
Cos-theta 4-layer 15T Preload mods : improvements Cos-theta 4-layer 16 T
Leverage latest Nb,Sn and Bladder and ~ Impact of preload on Optimized 16 T design as baseline
Key structure training -

Develop innovative concept to address technology issues at higli field...
I :

COT — 2-12YET 10 T s ——————————————-

1stmodel  Address Address Test Focuson & Focuson HTS insert
conductor assembly alternative training :  margin training
o expansion issues materials = Prepare for

« | HTS inserts

..then demonstrate 16 T fields, and furthermore use for hybrid I-!:I’S-LTS dipoles

CCT - 8-layer 16 T demonstration —————————p>

CCT — 4-layer 13 T model s CCT - 8-layer 15T for hybrid
o 1st model Improvements & HTS insert testing
reproducibility;
- posgible element
of future 16 T

& 1%
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U.S. MAGNET

DEVELOPMENT The MDP team is progressing on the path for magnets outlined in the

MDP Plan document

Area lI: B 2015 | 2016 2017 2018 2019
HTS magnet Bi-2212
technology ) :
Subscale magnet program 2T, 50mm bore dipole 2T in 15T, 0.5 m long demo dipole
REBCO

- Technology exploration & 2Tin15T,05m |
magnet design studies 1T, 50 mm bore d:pole s 1 long

Explore other HEP Stewardship applications: Fusion, Medical, Light Source

TOF 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:

N 2016 2019
The science of magnets: | ) :
identifying and Hybrid magnet test facility design ‘ Facility
addressing the sources improvements
of training and magnet |
performance limitations , :

_ Diagnostics
via advanced developments
diagnostics, materials
development, and
modeling -

Materials
development,
characterization

and optimization

Advanced
analysis and
modeling

m\
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Progress on high-field magnet concepts

Block Cosine-theta magnet fabrication is progressing well, with tosting anticipated this year

32 ‘ B
o SN A > 710bin /Barzl 3A\\/\SO6 S
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 (Canted Cosine-theta:
o Subscale CCT currently being pursued for fast turn-around technology development
o CCT4 (the second Nb3sSn CCT 2-layer magnet) was tested, and thermally cycled
o CCT5 is in design, incorporating feedback from CCT4
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Progress on HTS magnet front

« Bi2212 has made dramatic strides in J; over last 3 years -ready for magnets

J, (non-Cu, 4.2 K}, Almm?*

o Wire has been cabled and tested in racetrack configuration (RC5) 10000 - OPHT + NEW conductor 4, | | |
9000 - Ipowder 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
o First Bi2212 CCT dipole has been wound; reaction and testing soon 8000 * RC-05
o Roadmap integrates Bi2212 CCT in a high-field hybrid magnet design _ ™ : R ot st |
S o P S ez s |
ﬁ 5000 - *, “E —B-pmm160524, MM-237
¥ 4o00] 1barHT I RC-01 £
2000 HTsig'sc-oa HTS.SC.10 ! x 23 g
2000—. e s e e e e e e —-— Efu
1 ¥ w
1000 | HTS-SC-04 N15-5C-08
’ 20I06 | 20|03 | 20|10 l 2{]'12 l 20|14 | 20I16 | 20|13 '8 9 10 11 12 13 14 15
Year Applied field (T)
« REBCO development focused on CORC® cables and magnet technology development 0.400 3 [ayer vertical
o C A layer verti .
o 3-turn CO “dipole” was used to develop winding tooling, fabrication processes 0350 Af{:uﬁé .
- - 0300 ¢ -
o 40-turn C1 dipole was then fabricated and tested o P - o CObiv;%%n : g“;‘;:i’e ? .
. . . . Tod Y i . . an %
o Anticipate >x3 improvement in tape Je and transfer function S T 0% | 30 S : . 12400 A @ 42K, h
< LA [25 “;’0'200 | : * PeakJe=1198 A/mm? I
<05 - 1 |20 E £0.150 .
[ = | 3 : :
= 04 / 15 E 0.100 ;
*TF 10 o * g
03 1 | ~AR.min l5 e e . ;
- I 0.000 oo by Wnﬂ;ﬁfm}gwﬁw
0 10 20 30 40 50 60 -0.050 . . . l . l
Tilt angle (degree) 0 - 4 CErrent (k% 10 12 14

&= % U.S. DEPARTMENT OF Office of

- 232

EENERGY Science Soren Prestemon FCC Week, Amsterdam, Holland April 11t 2018

A .
e

3300

MNb-Ti Indurlqr;gmp;hllnn Luc
000 ET
Hi-Ho Production for ,’F
S55C RAD f

2500 ) 4 2

i 0T
2000 Py

‘."
1500
Nb,Sn 12T ,'

1000




U.S. MAGNET

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

designs that build on current efforts

Design Team Design Team First look at Hybrid
16 T Dipole design: Utility Structure design: designs
Leads: Zlobin and Sabbi Lead: Mariusz Juchno Caspi, Brouwer, et al

NbsSn design targets
— ANSYS
1. Each magnet concept should provide ==l e
e Description of magnet design including B
o Strand, cable and insulation (before and after N ey N % -..3m+.m'
reaction)
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 J¢(16T,4.2K)
Calculated geometrical field harmonics, coil magnetization
and iron saturation effects in magnet straight section at Bmod (HTS) | Bmod (CCT)
Rrer=17 mm for B=1-16 T . [ ' (o : : : 19.66 16.94
Stress distribution in coil and structure at room and i n | v Opera2D 19.87 17.08
operation temperatures and at the nominal (16 T) and > ; %diff 1.06 0.82
design (17 T) fielas | Poisson (Neumann
Coil-pole interface (gap) at the nominal (16 T) and design boundary)
(17 T) fields ' Poisson (parallel
Coil maximum temperature and coil-to-ground voltage boundary)
during quench w/o energy extraction Poisson (Average)

: 9. %diff
Cost reduction opportunities
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Quench memory and two distinct training regimes

Groupl Trigger Time: 2017/08/0% 13:359:26 Number of Data: 3135270
r SamplingInterval:40.000us

---- Quench #1 IR GER
. . . l | :;; ‘, | .Hl.‘ \' .v. .
lllllllllll FEE R 117111111 Marchevsky, LBNL
,,,,,, oo omagnetcurrent Lol RTINS RRIN V :
= N 2t s P P R IR A S B ‘ v T i | (9 g’ 20t
: 2 [ { y {1 ! THINR | '
_______________________________________________ ikl i Iy ﬂ'l_"iﬁllnlu1"||“§ le.‘“l..“nL.l“.' s
. Al . .M J ) .48 ) o '
..... : 55 . ‘} H-‘ L1 :
......... ST acoustlc events e | } s | oL J ! ! ol p ,
- 13:85:26.00000 13:45:31.4107¢6
lCHl =-S_9895E+00V: 10.00E+00V  CHZ =-10.00E+00V: 10_00E+00V CH3 =-5.995E+00V: 10.00E+00V A¥
X1 X2 ¥i Y2 dy X1
Pos 13:45:30.31178 13:45:27.283955 ICHI 6.5537mV E
——

“kink” in the training
curve

B 13:39:26.00000 13:45:00.80424

10 20 30 40 50 60 70 80 90 100 110 120 130

ICHl =-9_99%E+00V: 10.00E+00V ‘CHZ =-10.00E+00V: 10.00E+00V CH3 =-9.999E+00V: 10.00E+00V ¥
X1 X2 ¥1 ¥z d¥Y X1 h #
Pos 13:44:59.79731 13:44:57.02825 lCHl 6-5537mVE Quenc

Samplinglnterval:40.000us

. T 0.06
‘ Quench #3 1|
— - . ‘ [ ¥ .A. | Al 4 | " M " M a ; L } . L ‘
2 = = FEE oo . 0 05 CraC Ing
E N z z ; TN )
4
T 13-39-26_00000 13:45:30.56956 004
PcEr =-35._s9sE+00v: 10.00E+00V | CHZ =-10_00E+00V: 10.00E+00V CH3 =-9.999E+00V: 10.00E+00V |
| X1 X2 v1 ¥z ay X1
Pos 13:45:29.47311 13:45:26.45787 | cHz -8.1172mV -7.F
caz 9.6746mV 5.3625mV  9.467447E+00 V  9.467447E+00 V  0.000000E+00 V CH3 64_320mV 66|+
e s ot S e i - A e W e ;;- "".i";..';l';’;"-'-:"'.".";;;'r— ;I.;_—_-I‘f‘;;;;-l:‘;-::::—:::::;;‘-;;;;;-"-;;;“;;;;'_"-"—"'-1"-“' g o B g g b
Y = B ———— =
S = = E = = . a = = = = = = . - = m
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U.S. MAGNET
PROGRAM T Progress on Technology front - Application of high-bandwidth acoustic sensors

oh magnets opens avenue for new insights into magnet behavior

Large number of acoustic events occur during magnet ramping - potentially contain valuable insight into magnet behavior and
the disturbance spectrum that initiates quenches =

Magnet current

IL voltage

| | |:{>
et 0

L voltage

+MWH B Acoustic (S,,,)

Events have different frequency content: “E. Nillson CERN/LBNL
Pencil lead break: Ball drop:

Wavelet analysis provides robust
mathematics platform for
transient signal analysis

g pp——— g ————
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U.S. MAGNET _ : : =
oeveLorken | Acoustic thermometry for quench detection in HTS [«

BERKELEY LAB

New acoustic quench detection technique was developed and

. ReBCO CORC caoil
benchmarked against temperature and voltage measurements (X. Wang) 2
Cryo preamp. N Permanent magnet "8” ¢y preamp. 45 :
'_<lSen sor1l PR _"_ o S Sensor 2 I‘»_' =
> — — & r— |
| Voltage tap YBCO tape (1.2 m) Sender Spot heg’;r 10.8
LN2 bath transducer Cernox thermometer .
106 <
e 80 i E
_ _ A = lo4
ox106 Acoustic transient | AT=1.6 K A {79 5 ] g
] . /| T | E —02 E
f " WM!# L‘w.,,}‘,-m}w M‘; 8 3 7 — >
e A 177 § 0 e — 1 _ 10.0
2 1. i L 0 20 40 60 80 100 120 140 160 180 200
o [T T T T Tadoustic Bi-2212 coil RC3 fl APV P R
E Atrey ~3.5Ns T g ' 4.2K i !
_ l‘. :- :2 S (K. Zhang, T. Shen) \ % 1510°
| AUpac ~ 7.6 MV (68 pVicm) 3 #1133 ' CE[ O™
e 80 : . . .‘\_ .L—""'".L"-'.—"'"'U |
. 60 ] J Vo4 8x107 <
0 015 020 025 0.30 < ;g;/ NV 6100*5
Excitation pulse  Time (ms) O 3
0 20 40 60 80 100 120 140
Time (s) 6050
= “Acoustic thermometry for detecting quenches in superconducting coils and Techniaue wWas ' | |
conductor stacks,” M. Marchevsky and S. A. Gourlay, Appl. Phys. Lett., vol. 110, qf ' 9 01 acoustic | [
) in ——————————————————- 6000
p. 012601, (2017), doi:10.1063/1.4973466 successtully teste : %0 3o 3o 3o w0 400
= “Quench Detection for High-Temperature Superconductor Conductors using ReBCO CORC and Bi- Time (s)

Acoustic Thermometry “, M. Marchevsky et al., IEEE Trans Appl. Supercond. vol 2212 HTS subscales
28, I1ssue 4 (2018), doi:10.1109/TASC.2018.2817218

M. Marchevsky



() §%€iﬁﬂ'§h Progress on Technology front - Modeling capabilities continue to be developed
that have broad applicability to superconducting magnet technology

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

o Electromagnetic Regions multi-field solver Thermal Regions
. \_/
Geometry Generation Solutlon : : S . Krave, FNAL
; Post processmg
Load transfer between models : :

Meshing
Boundary conditions

joule heating

temp

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

Available Element customized by defining Element matrix generation is now : B, quench statg
- node location - element shape functions determined by user program ' ;
- loads ——> - material properties: if complex function desired —» - Stiffnéss, damping, etc. I coupled with stranded formulation

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

- material prop. - formulation

- ANSYS functions

Brouwer, LBNL; Auchmann, PSI/CERN

ANSTS
R17.1 = ANSYS 800A 50mOhm

.ﬁ;iil:—h_-rrl Deviations from 1 ¥ ® Test Data 800A 50mOhm S : ”[‘ : \y’
PLoT W0, 1 AC losses only 1t quench ANSYS 400A 50mOhm e
® Test Data 400A 50mOhm .

.
| aw =l © 2.
R v =4 § 2.9 o =4 & A Ak
“‘ N =4.5 8 6 & B -
A | P
‘ =4 M =3, ¥ [
SMX =4,5 1 |
- ' ’ . R 8458 A A A AR
| N { > ~ S & & 6
\ 5 — \ \
| i e - O ihjitias
R o5 o % N 13.1918 R \ U I8
< . = _ s YV VY
- -~ - -~ Sy ~ s -~
. ™ - ™ . . -~ oo~
- - - - N N | ‘
- N . - -~ Febiig s (| 74107
. — — .. ~ - e I (] shaaddl
. . > . — /
~ \ e’
-
- g
Lk

Deviations from AC , ,, [TV VUV
losses, resistance ol

growth, yoke saturation

0
0 20 30

t (ms)
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U.S. MAGNET .
DEVELOPMENT CPRD'

PROSRAM Balanced effort of supplying sufficient conductor for magnet R&D and serving as

catalyst for the next generation conductor

Area |V: Continue the extremely successful paradigm of OHEP’s Conductor Development Program

£33 NKWGALLAB ()\ DEVEL OPMENT « A Roadmap has been developed to clarify CPRD’s vision of

s & TR furthering conductor development, supporting ongoing
e N D AN\goﬂ\ magnet development needs, and coordinating critical R&D
P —— Lama\est‘e from other funding sources in support of MDP goals

R T * Nb3Sn advances continue to be pushed
oa dp Ior Lonauctor rocurement, earcn an veiopmen
Octaher & 2037 ZAN\SOBA o Advances in understanding of the chemistry of NbsSn heat

Comsing 008 v 2aes LeC treatment = significant improvement in J. for small dest
a; T o Equal-channel angular extrusion evaluation by Bruker/OST
<7 < ' FCC Conductor Target . _

1800 ; uctor Targ | * |nvestigate potential for APC Nb3Sn N\507B

E | Nevelte | ¢+ /+/. o Ohio State, FNAL LDRD, FSU BaYZ\ 2R

< 1,000 (- —i";: : « Advances in Bi2212 powder processing + overpressure

_,u LTI .

> 1.400 . | processing

? A N « REBCO development focused on leveraging SBIR and

e 1,200 ‘ Current Hi-Lumi LHC . complementary programs:;

- | requirements for _

o LARP Quadrupoles 0 MDP provides measurements and conductor performance

- 1,000 >0 30 40 50 60 70 80 90 100 feedback to developers and vendors

D, (um) -
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&
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U.S. MAGNET

DEVELOPMENT International and industrial collaborations are underway In
support of the MDP mission

Activity MDPRelevance
International
Provideoil@arts 15TMipole
MechanicalZnalysis 15TMipole
HistoryEnd@ocumentation@®ANb3SnE MDPENb3SnE#Program
Magnet@R&D
CCTE@evelopment Nb3SnCT
CCTHnstrumentation Nb3SnLCT
AcoustichensoriDevelopment Technology@evelopment
AcousticensoriDevelopment Technology@evelopment
Acousticbensorevelopment Technologyevelopment
Industry
CPRD ConductorR&D
High-CpANb3Sn@levelopment Nb3SnEonductor®R&D
CORCm@Development ConductorfR&D

Development®fHigh@erformancell Conductor®R&D
Bi-2212®Precursori@owder
Other®HEP-Funded

MagnetizationBtudies ConductorfR&D
FiberfDpticluench@etection HTS

7%, U.S. DEPARTMENT OF Office of

&) ENERGY | science Soren Prestemon

CollaboratingAnstitution Contact(s)
EuroCirCol/CERN Tommasini,D.,Bhoerling,HD.
CERN/U.@atras
EuroCirCol Schoerling,D.

PSI Auchmann,B.

PSI Auchmann,B.,AMontenero,®.
DanishBlechnologicaldnstitute Zangenberg,iN.

CERN Willering, .

CERN Kirby,

B-OST/Hypertech

B-OST Parell .

ACT Van@lerAaan,D.
NnGimatdLC

OSuU Sumption,iM.

PSU/Lupine@MaterialsEindflechnology

FCC Week, Amsterdam, Holland April 11t 2018

Contact(s)

Zlobin,A.
Zlobin,A.

Zlobin,A.

Brouwer,.

Marchevsky,
Marchevsky,
Marchevsky,

S

Marchevsky,

Cooley,d.

Barzi, .
Wang,[X.
Shen,T.

Wang,[X.
Shen, .




U.S. MAGNET
DEVELOPMENT
PROGRAM

Conclusions

*\We are following the MDP roadmap to develop high field accelerator magnets for DOE-OHEP

*\We have a fully functioning management structure

*\We are balancing our efforts to maintain progress on multiple fronts

 Significant progress on NbsSn magnets
* HTS magnet development - on both Bi2212 and REBCO fronts -

* Crtical technology developments that guide magnets... and of value to the broader community
* We have developed a coherent conductor R&D roadmap

* We have a strong, and growing, list of national and international collaborations
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U.S. MAGNET
DEVELOPMENT
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DEVEL OPMENT One full year is now behind us...
The management structure of the MDP is well defined and the program is fully

PROGRAM

functioning

DOE Office of HEP MDP Steering

Research & Technology Div. - G. Crawford Council
Program Manager - K. Marken

Technical Advisory Committee
Andrew Lankford, UC Irvine — Chair
Davide Tommasini, CERN

Akira Yamamoto, KEK

Joe Minervini, MIT

Giorgio Apollinari, FNAL

Mark Palmer, BNL

Lawrence Berkeley National Laboratory
Associate Lab Director, Physical Sciences

T.J. Symons
ATAP Division Director
W.P. Leemans

T S

Magnet Development Program Technical Advisory
B s. l;mvmugamm Commitieee MDP Management Group N

S. Prestemon, LBNL
G. Velev, FNAL
L. Cooley, FSU
Cormiucion procuremant S. Gourlay, LBNL
- D. Larbalestier, FSU
A. Zlobin, FNAL

ASC/NHMFL
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