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» HTS materials: power and magnet applications
» Whydo weneed the coated conductors?
» Physics behind the CCs
» What are the coated conductors?
» Manufacturing approachesto CCs
» Towards enhanced performances
» High currents
» \ortex pinning
» Costand performances prospective
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W HTS in power engineering: conventional vs novel

ICMAB
systems with new functionalities .
e Highest current densities without (dc) or reduced losses (ac)
* High magnetic fields can be generated
Reduced Weight/Volume "=  igher Power Densities
Reduction of Losses —)> Better Efficiencies
Optimization of Conventional Systems Novel Applications
I | e I
Cable Trans-former Motor Flywheel Sc.Magn. Fault Current
Generator Energy Limiter
Storage
(SMES)

Siemens

=

Higher Power Energy Savings Volume, Weight Energy Density Availability Novel Power Grids
Density Life Energy Savings  Energy Savings Savings of Savings of
Retrofit Safety Safety Ressources Ressources

Courtesy of H.C. Freyhardt Power Quality
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32 T User magnet @

32 T coils:
* Goal NbTi —
— 327,42 .K’ 32 mm cold bore Nb3Sn —~
— 500 ppm in 'IE? mm DSV YBCO — i
— 1 hour to full field

outer coil

64.5 mm

— dilution refrigerator <20 mK
— 20 years of operation at NHMFL

« Funding:

— $2M grant from NSF
« for LTS coils, cryostat, YBCO tape & other components

— Core grant for development of new technology

« Cover grant shortfall
- ~ 38M total expected, ~ $4M to date

« Key Personnel ~600 H, 9 MJ
— Huub Weijers, NHMFL: Project lead
— Denis Markiewicz, NHMFL: Magnet Design
- David Larbalestier, NHMFL: co-PI, SC Materials
— Stephen Julian, Univ. of Toronto: co-Pl, Science, potentially the first user
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Motivation S(JTW

....there is a technology gap from 2G wire to practical
applications...”

Industry needs

Scalable currents and various geometries
Reproducible quality and quantity within an

acceptable time

Mechanical and electrical stability
Low degradation, long lifetime
Reliable and specific electrical insulation

' i i Industry
Simple, low ohmic contacts and joints Breter SE Innopower. LS Cable. Nexans.
Low losses nkt cables, Oswald Siemens, Sumitomo,

Southwire, __.

Competitive cost
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» HTS materials: power and magnet applications
» What are the novel opportunitiesraised by coated conductors?
» Physics behind the CCs
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W' HTS main issues: grain boundary problem
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0 10 20 30 40
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e Charging of CuQ, squares: screening length similar to interatomic distances
e Supercurrents flow through regions between distorted regions
e Conductors rely on current percolation through grain boundaries

H. Hilgenkam, J. Mannhart, Rev. Mod. Phys. 74, 485 (2002)

S. Graser, P.J. Hirschfeld, et al, Nature Physics 6, 609 (2010)
F. A. Wolf et al, Phys. Rev. Lett. 108,117002(2012)
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HTS main issues: grain boundary problem
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 Grainboundaries may exhibit meanderingin ex-situgrown YBCO CCs
 Vortices may not lie completelyina HAGB

e A meandered HAGB exhibits a behavior similarto LAGB

e Some hope to relax the texture quality requirements?

D. M. Feldmann et al, J. Am. Ceram. Soc. 91, 1689 (2008)
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CsSIC

S == = PLD/bi-crystals
® thin ex situ
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 Grainboundaries may exhibit meanderingin ex-situgrown YBCO CCs

 Vortices may not lie completelyina HAGB
e A meandered HAGB exhibits a behavior similarto LAGB
e Some hope to relax the texture quality requirements?

D. M. Feldmann et al, J. Am. Ceram. Soc. 91, 1689 (2008)
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e HTS main issues: vortex physics %
eurotopes Control of vortex motion — Nanometric defects ~ & (nm) E’éﬁ
Intrinsic upper limit of Irreversibility line: loss of vortex line tension lﬁ'

Hc:2

Normal

TF B ICMAB

Double Kink excitation

Bose Glass : > {"I"

—

2 —
U Hy = A% 7 L[ HaM)—H
477 K A\ H,(T)

Magnetic field
————e,
—_———
—

Vortex Energy cost of deformation at
Glass : different H
H rthice U (T1 H) ~ KT
1 :
- T— Maximal excitation of a bulge
Temperature Tc
~1/2
YBCO: T=77K :H,=15H_ ~14T H,(T) =H,M)[-(g/Ata-t) ]

J. Figueras, X. Obradors et al., Nature Physics 2, 402 (2006) / A. Xu et al, APL Mat (2014)
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wne  CC’: HTS materials for power applicationsg
J. breakthroughs

10 | |
— APC-Introduced
D, : BCO fi
: T e 77K
~ 1 _“ l( . )
< . Nb3Sn(4.2 K)}
RN -
z | %
g 0.1 “’ NN
[ * Nanotechnology
o .
= " % Epitaxial
@ 0.01 "o *\.// YBCO film
: 7
e KWl Long length
.§0-001 ~ Polycrystallines Biaxial Texturing B
= YBCO tape . %
S . .
0.0001 ' ' ' '

0 10

4 8
Magnetic Fieﬁd (T)

Courtesy M. Matsumoto X. Obradors, T. Puig, SUST 27, 044003 (2014)
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& New frontiers for applications r
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¥ LHe

Cryocoolers LN, ]

H//c

NdFeAsOF

HF Magnets

New Frontier

Closest Frontiers

Magnetic Field (T) New Frontiers

E\Ib3Sn E
10 |_\ \
NbTi 3
_ E - A\
0 E L I I I ! h . N\
0 20 40 60 80 100

Temperature (K)
Adapted from M. Matsumoto X. Obradors, T. Puig, SUST 27, 044003 (2014)


http://www.icmab.es/icmab/�

M, Superconducting Wires & Tapes
ICMAB

Metallic Metallic
NbTi (Nbssn etc.) MgB.,/ Fe based

Oxide

R : ) Ag/C
Bi2223 1A X ¢ 7 W ’ U\

REBCO
Buffers

Bi2212

CSIC

Only a few materials allows wire manufacturing !

Courtesy of T. Izumi
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@ T
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Bi-2223 (1)

o

o

40
Temperature (K)

60 80

Courtesy of D. Larbalestier, Nature Materials (2014)

Conductors at ultrahigh fields and low temperatures
csic

4.2 K

Several HTS
conductors can be
suitable for
ultrahigh field
magnets

YBCO has the
highest J,

Bi2212 round wire
IS also very
appealing

32 T magnet at
Tallahassee
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10 years of coated conductors: huge progress
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Courtesy of T. lzumi



HTS: Enabling Power Applications

ICMAB
26 years after the discovery of HTS ....we are ready !

Transformers

=

Generators \

YBa,Cu;0,., is able to push all the power applications up to the present limits
Lenght, allowed cost and required performances strongly differ (~1 km to 300 km)

X. Obradors, T. Puig, SUST 27, 044003 (2014)
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» HTS materials: power and magnet applications

» What are the novel opportunitiesraised by coated conductors?
» Physics behind the CCs

» What are the coated conductors?

» Manufacturing approachesto CCs
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' YBCO COATED CONDUCTORS: EPITAXIAL
ARCHITECTURE Cle

Buffer layers

RABITS textured
substrate

IBAD textured Buffer layer v

buffer layer BCO

Polycrystalline metallic tape

Nanostructure control on km length materials: very close to real
power applications
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I:hﬂﬂ YBCO COATED CONDUCTORS: EPITAXIAL r
ARCHITECTURE CSIC

Nanoengineering of the
vortex landscape defines
the properies

Cap layer : Ag thickness ~ 0.2 - 0.5 um

SClayer:YBCO ~1.0-2.0 um

Buffer layers : CeO, , YSZ, STO,...~ 0.1 um

Metallicsubstrate: RABiTS Ni, SS-
IBAD, thickness ~ 80 um

Grain boundaries should
not be an issue

Nanostructure control on km length materials: very close to real
power applications
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superconductor wires csic

MATERIALS SCIENCE

SUPERCONDUCTIVITY
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WIRES
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J
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L@%ﬁ° HTSC
MTSC

CRYOGENICS

ELECTRICAL
ENGINEERING
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HTSC


http://www.icmab.es/icmab/�

European main
SC activities -

eurotapes

Y EUROTAPES
http://www.eurotapes.eu/
«21 EU partners (9 countries)
 ~20 M€ (13.5 M€ - EV)
« 2012-2016
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Participant Country
C C L\
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Ciemat Lej OLUTIA NEA 16 | University of Ghent BE
A;afga 17 | Evico DE
a ROTAP .! 18 | Nexans GmbH DE
D eurotapes.e ‘ 19 | Leitat Technological Center ES
DA 0 Y CO e
. 20 | Theva DE
21 DE
0 116 KIT




w=""  CC’s: multiparameter integration lﬁf
~ ICMAB

eurotopes
(o Craesp

Coated

xconductor fabw

pD B C
y S

“Substrates

PLD, CSD,
MOCVD

reaction reaction

epi-growth

\ overcoats
GB and
nanostructure

nucleation and
growthrate

interfacia
Structure
Planarity

Non
magnetic

chemical
barrier

texture
dimension

mechanical
property

surface
properties multifilamentary

architectures

nanocomposite
composition
strain

nucleation and
growthrate
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o CC’s: A tough S&T issue! jar

| C ) _ |
coros . Interdisciplinary know-how required ! ICMAB
Material science / [ Metallic substrates plsl High-throughput/
Nanoscience deposition Sl lagyere Deposition hlgh-yleld
maximizing Low cost |
performance manufacturing

Process processes

ulti
layers

Fundamental materials
science knowledge

Manufacturing
methodologies

HTS
Epitaxial Film

Growth
Property

Scalini;/

Long length,
high throughput
manufacturing,

quality control

Solution chemistry
Colloidal solutions

Self-assembling
Nanoengineering

Structure

Vortex pinning landscape

vs nanoscale properties
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===  Approaches to CC production

eurotopes 1N —Situ growth

2Ll

Ex — situ growth

(b)

BaF,-based precursor

Y O O

s 1] ||

substrate

Deposition

Growth

conversion

W

ICMAB

CSIC!

D. M. Feldmann et al, J.
Am. Ceram. Soc. (2008)

Chemical

In - situ

PLD, EV, ISD

MOCVD

Ex - situ

RCE-DR

CSD

* In — situ deposition and growth techniques have been widely used in recent years and a wide
knowledge and technological expertise already exists
* Ex — situ deposition and growth techniques are novel approaches with a potential for a reduced cost
and a higher throughput but there exists still some lack of knowledge and some technological hurdles

are being solved simultaneously to the generation of knowledge

* Knowledge on preparation of nanocomposites is more widely spread in the case of in-situ growth
approaches than in ex - situ approaches
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"7 Plentyof room for improvement: | (T,B) |c‘n:|‘;B

EUI“CECI[:IES
Present [5-20K/30T Future ?
30 operation 1 csic

I, [A]
1000

100

ﬂ —
10 20 30 40 3 60 70 80

T[K]

Japanese and
Korean programs

e Increase of I_through J_and thickness enhancement
e Reduce the magnetic field dependence J_(H): vortex pinning
e Practical processes to achieve high I_(H) values

Courtesy of T. Izumi
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New Gov't Sponsored Coated Conductor Project Up to 2017

kA rated conductor for commercialization

e

<€ » DC Reactor
Characterization CNU / KERI
RIST
N s
High I. CC
/ (1,000 A/cm, 1 km)
SUNAM
e X
In-field performance Stacked Conductor
(1,000 A/em, @20 K, 10 T) © > (1,800 A/cm)
SNU KERI

SUNAN KERI RIST &E@ 0




W Specifications and cost for applications

ICMAB |
CsiC

LHigh In-field I. LHigh Mechanical} [Low AC Loss}

Strength

Low cost
Courtesy of T. Izumi
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% EUROTAPES project -

ICMAB

-
eurotopes

YBCO layers and nanocomposites

BRUKER, IFW, UCAM,

ENEA

| | | o
PLD MOD @ MOD 3
YBCO YBCO =) YBCO a
¥ g
| | = %
Q i
© MOD @
. prd

c<% PVD CeO, LZO, CeO O %

S = Z

. O Z A
ABAD YSZ, IBADTIN ‘ "(BJ
D)
BRUKER, IFW, | | Evico, IFW, ENEA

OXO, ICMAB

Advanced characterization and in-situ monitoring: TUWien, UAntwerpen, THEVA, KIT
Striations, ac losses, round wire : UCAM, KIT, Bratislava, NEXANS
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- EUROTAPES objectives My
eurotopes ICMAB

=  Metallic substrates with reduced ac —losses and lower cost ABAD templates

=  Simplified architectures and cost effective CC

= Engineered nanocomposite CC (CSD, PLD) for high fields (3-10T, 60K) and
ultrahigh fields (>20T, 5K).

= Eco-friendly chemical and colloidal solutions for nanocomposite CC’s

= New round wire low cost and low ac losses
=  Multifilamentary striated conductors at low cost and low ac losses

= Highthroughput processing with high yield and performance
= Development of in-situ monitoring tools for process scalability
= Demonstrate (+500 m) manufacturing

Ag/Cu coating Ag/Cu coating joint
CSD-YBCO PLD/CSD-YBCO
CSD-Ce0, PLD/CSD-Ce0,PE
CSD-PY/PE IBAD/ABAD-YSZ/TiN .
Ni/Cu clad-RABiT™ Polycrys. SS/SDP
Low cost Medium cost Round wire Round wire

X. Obradors, T. Puig, SUST (2014) Small diameter  Large diameter
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EUROTAPES objectives oy

=  Metallic substrates with reduced ac
=  Simplified architectures and cost eff

= Engineered nanocomposite CC (CS
ultrahigh fields (>20T, 5K).

= Eco-friendly chemical and colloidal :

= New round wire low cost and low ad
= Multifilamentary striated conductor
= Highthroughput processing with hig
= Development of in-situ monitoring 1
= Demonstrate (+500 m) manufacturi

Ag/Cu coating Ag/Cu coating joint
CSD-YBCO PLD/CSD-YBCO
CSD-CeO, PLD/CSD-Ce0,PE
CSD-PY/PE IBAD/ABAD-YSZ/TiN
Ni/Cu clad-RABiT™ Polycrys. SS/SDP
Low cost Medium cost Roundw

X. Obradors, T. Puig, SUST (2014) Small diam

100

=<
|_

B(T)
TARGETS:

*Pre-comercial cost: ~100 €/kAm
e Length :+500 m
Performance:
*For low fields (B< 1 T):
l. (77K, sf) > 400 A/cm-w
oFor ultrahigh fields (B > 15 T):
I.(5K, 15 T) > 1000 A/cm-w
*For high fields (B ~3-5 T):
Fo(60 K) > 100 GN/m3
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IBAD COATED CONDUCTORS
IBAD (ION BEAM ASSISTED DEPOSITION)

o ¥ 5 YSZ-IBAD
YBCO
o\
> lonbeam
) ]
. = A
. .,:;.;;;.: €. lon - - i
o { /K gun =7 5 e
D % Polycrystalline SS
—— 3different
evaporators
YBCO 0.4um
|
._... . . ."__,/"
- " " GzO1.4um

astelloy




<~  ABAD metallic substrates ,&%
ABAD 40mm, YSZ/SS

(Amm/12mm also available)

Ag/Au protection layer (0.1-3 um) YBCO (1-3 um

CeO2 buffer (—0.05 pm)

YSZ buffer (—=1.5 pm)

Cu-envelope, 20 pm SS substrate (50-100 pm)

Targets:

Substrate 8 => 150 m/hour
polishing

ABAD 4 == 35 m/hour
width 12 == 40 mm
length 100 == 500 m

- W
OXOLUTILA b
ICMAB
Towards cost reduction :

Solution Deposition Planarization (SDP) process to substitute mechanical polishing
Bruker HTS
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Status in substrate tape development

Single phase
metal (as Ni
or Hastelloy)

Multi-phase
metal (as
stainless steel)

material Single phase
ceramics
feature (as YSZ)
polishing abrasive
|/ ABAD YSZ+
costs very high

electro <« abrasive-chem.
2
MgO €% YSZ
high low

 Planarization layer is expected to be the right solution: Collaboration ICMAB

- Oxolutia

A. Usoskin, MRS spring meeting , April 22, 2014
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<. SDP/ABAD metallic substrates v Gien

» Several solution R2R inkjet printing coupled to R2R thermal
formulations have ben

tested freatment 0.5to0 9 m/h
* |JP can be used with

512 nozzle printhead
L 11 u .

16

" 14-“
axoruTia I\ I\ Rms<1nm should be
s ] possible
Towards cost reduction : 10+
Solution Deposition Planarization (SDP)  E #; SDP-1 T
process to substitute mechanical polishing £ — -
@ n
1 L
 No delamination and promising performance “ spp.2 3 T
in terms of YSZ and YBCO texture vs thickness °1 =~ =
. . 0 100 200 300 400 500 600 700 800
Important cost reduction is expected SDP total thickness (nm)

Bruker HTS
D
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=™ TFAbased CSD: Low cost YBCO and | (jﬂﬂﬂ
eurocaopes ° CSIC |
nanocomposites
Precursor §°|“ti°“ Solution deposition Pyrolysis Ex-situ Growth
synthesis . o . Nucleation,
==p Y, Ba,Cu metal- _ylnk—Jet Printing == Removal organic crystallization
organicprecursors Ny precursors

and oxygenation

aperture ® end

==

. . X. Obradors, etal, SUST (2012)
For Nanocomposites: In-situ

Addition of metal-organic salts (Zr, Ce, Ta, ...) in the TFA precursor solution: Spontaneous
Np segregation within the epitaxial YBa,Cu;0, matrix : Y,05;, BaZrO; Ba,YTaOg4, BaCeOs ...

Nature Materials (2007); Nature Materials (2012)

For Nanocomposites: Ex-situ

TFA colloidal precursor solutions: MFe,O, |
(M=Co, Mn), CeO, (BaCeOs,) ...

J. Nanoparticle Res. (2012); Mat. Res. Bull. (2013)


http://www.icmab.es/icmab/�

IV : : s
B W9 Low fluorine precursor solutions =
“Mremaea - | Carboxylatesalts  +Solvent + Chelating Agent

= . | Acetate Methanol, ethanol Triethanolamine (TEA)
Propionate Propionic acid

-
eurotopes

~80-90% less fluorine

@) @) 2+ O
F3C—/< ] Y3+ H3C‘—<)_ Ba HSC_/(O-

J. (77K, sf) = 3-4 MA/cm?; 700-800 nm

** More environementally friendly (-80 % F)

+» Stable solutions adapted to 1JP: less sensitive to
humidity (chelating agents)

s»Large thickness with one coat (~1000 nm)
**Pyrolysis can be undertaken at faster ramps
+*Similar growth process that TFA-based solutions

X. Palmer et al,, to be published
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cmaz  |nkjet printing deposition systems g

Single nozzle printheads OXOLUTIA

"

LSO oo il ey »
single nozzle electromagnetic  single nozzle piezoelectric
valve printhead

Multinozzle printheads

e — —=

16 nozzles piezo head 512 Konika Minolta multinozzle

piezohead


http://www.icmab.es/icmab/�

Film thickness tuning through drop pitch

W

ICMAB
adjustment
1,8 7 I ' | T T ' | ' T CSIC
{o Thickness after pyrolysis

1,6 1@ Thickness after growth -
—~ 1,4 .
£ 00000000
31,24 § e0000000
) ] : 00000000
$ 1.0- . AyTo_goooooo
< 08 ' AX
0 ,O 7 . .
- drop density
= 08- 1 (drop/um?)

0,4 )

0,21 i

! | . | . | ! |
1.5x10° 2,0x10° 25x10° 3.0x10° 3.5x10° 4,0x10°
Number of drops per unit area (drop/umz)

Possibility to tune film thickness by adjusting the density of drops
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OXOUWLWUTIA CSDCC’s on ABAD-YSZ

"-‘

-
eurotopes

» CZOMODgpitaxial with good texture quality.
* Enhanced surface planarity, small grain size

0.2-1.2 um
20-30 nm

1.2 pn

All chemical 1JP: YBCO / CeQ, /ABADYSZ [SS

YBCO-MOD™
Zr-doped CeO,-MOD

75 pnl\

* No cohe
e Current

Goals:

LT Y

polycrystalline

SS

| OROLUITILA

Bruker HTS GmbH

miemul=m(cc)-miss)

| —#—Hm=0.10¢e
—8—Hm=020e
—#—Hm=0.30¢e
{—*—Hm=040¢
Hm=0.50e
—8—Hm=080e
—#—Hm=0.80¢e
—#—Hm=0.150¢
| —e—Hm=0.010e
—8#—Hm=0.020¢e
Hm=0.030e
—#—Hm=0.0£0¢
—e—Hm=0.150¢
Hm=0.050¢e
T1—e—Hm=0080e

| | | | BCO grains
; S ‘C’s
G - 2
J.C (77K)=3.3 MA/cm nm/s - 10 m

J.CB(77K)=2 MA/cm?

FIB

YBCO

Dense & compact
IJP-YBCO (600 nm)

28:10-

J(sf,77K)=2 MA/cm? 1.=108 A/cm-w
E. Bartolomé etal, SUST (2013)
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D%DLUTIA CSD CC’s on ABAD-YSZ W

ICMAB

‘r-
cocs __ Allchemical IJP CC: -FYBCO / ©5PCeQ,/APAPYSZ /SDPISS - Célc
Good progress towards scaling up

CZO buffer layers: R2R inkjet printing coupled to R2R thermal treatment

Good (001)
epitaxy
achieved



() OXOLUTIA YBCO Patterning by inkjet printing

ICMAB

Optical microscopy after

pyrolysis

30 um

M. Vilardell et al., Inkjet printing: towards
flexible manufacturing of functional

coatings, Thin Solid Films (2013)

SEM after growth

Longitud = 354 pm Pt =0.573 pm Escala = 0.573 ym

‘Profilometry
‘after growt

300nm
150pum

u T
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eurotopes
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YBCO (008)
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20 (deg)

High homogeneity and
uniformity along all track
length.

‘]c() ) —a— 4 YBCO tracks

—a— 2 YBCO tracks

o0t o1 1 10

#H (T)
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Lower Cost C.C. Fabrication by TFA-MOD

Y,0, + CuO +BaF, +H,0| = YBa,Cu,O.; +HF

200 I | I | | | |
I, (ave.) = 404 Alcm-w MOD-YBCO
400 CeO:
— 300 I, (min.) =372 Alcm-w St
S 0 =1.5%
— 200 |- (Uniform Region)
| -%‘j

| | | | | | 1 | |
0 0 20 40 60 @80 100 120 130 160 180 200 ‘

Position (m)

ISTEC { A%/ ( - swcc 13




deutsche

nanoschicnt

BASF GmbH owner

o CSD for all layers is considered to

200-800nm silver, 10-100um copper be the "most promising and most

0.5-1.2um YBa,Cuz Oy | f,/< e Challenging process
10-30nm CeO, et N
200-350nm LZO o
50-80pm NiW- aIon f—f‘_;<i L

2 )// W cooperations on metallic

Ink-jet printing in continuous substrates (Thyssen Krupp),
processing

* Unique and protected CSD-multi-
layer technology, 1JP.

e Established industrial

coating solutions (Honeywell) and
insulation (Elektrisola)

v" All samples continuously processed in
minimum 10 m lengths

v 1 (77K, sf) = 1.2 -1.8 MA/cm? for 1 um HTS

v 7mm wide slitted and stabilized sample,
l./cm-w > 160A

v 100 m wound to coil with overall J. =1.4 MAcm?

B® UNIVERSITY OF
Q¥ CAMBRIDGE




Korean approach: high growth rate CC’s

RCE-DR : Reactive Co-
Evaporation by Deposition &
Reaction

High rate co-evaporation to the
target thickness (> 1 um) (6 ~
10nm/s)

Fast (<< 30 sec. ) conversion
from amorphous glassy phase
to superconducting phase

(~ 100 nm/s)

Simple, higher deposition rate &
area, low system cost
Easy to scale up :single path

Multi-turn R2R

Metal tape ™-.-nnL LS |.||g|| PO,
(o J ( o ) Reglon
acmd E\ Furnace
computer MREMQ
2 km

;\

Feedback program

N\ SUNAM

' Differentially
pumped

W W W Pierce type

Y(Sm)} Cu_Ba E-gun (30 KW)

10° || AN RRARN T T 10°

10° 1100 1000 \ 900 800 700 o

10° YBcoﬂ +023 o

2 -

10 211+L 101
= 10' 10'2 -
g 9
= 10° 211+L 10° s
s E I LR 5
o L2

10 AU b e 10

02k Conventional "1™ 5

o*L CDR path SuUNAM
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Development of HTS 2G Wire

| b 600 A/860 m
SuNAM
00 r2AI316m
S 4 pcjikurapm 102y b—{20142
450 l.f J 42211000 m
o oSNNI
1904/ 1975m L
400 3B (2042 04)
- Discovery of HTS
— ' i[.-l_.‘i’u;llr Z82A/1063m
é | SuperPower(200808)
. _.‘,'_. . Discovery of 4B6A540m
" asal T sy szt o)
- 200 —
@: Discovery of
< = <i 370 A0 m
- 150 ‘ SuNAM{201107)
J10AS50Em
100 SVICC[2008.05)
501
0 . ,
1085 1990 1995 2000 2005 2010 2015
SuUNAN Courtesy of T. Izumi and S.H. Moon




-~
#s "  Round wire objective: more compact Ne Xans

... and low cost cables

superconductive
wires

o -[ Core made of
o <

Round geometry
Flat geometry

Metallic substrate
Superconducting Adaptative
layer | —

0.15 rum

substrate

Welding technology already developed by Nexans
Nexans patent



A Outline r
CsSIC

» HTS materials: power and magnet applications
» What are the novel opportunitiesraised by coated conductors?
» Physics behind the CCs
» What are the coated conductors?
» Manufacturing approachesto CCs
» Towards enhanced performances
» Highcurrents
» \ortex pinning
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M Vortex pinning in YBCO Nanocomposites

Nanoengineeringis the path towards control of vortex pinningand enhace performances

0D
Isotropicand \lll
weak defects : \

Anisotropicand
strong defects

—_— m—

Isotropicand strong defects

The role of interfaces in nanocomposites are the key issue

... but there always exits superposition of different contributions in a single material
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(MA/em)

J

... from J (H,T,6) we separa

Pinning strength diagrams Ic‘i’

MAB
te the different components

% 135 1
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T.Puig et al., SUST 21, 034008 (2008); J. Plain et al, PRB 65, 104526 (2002); J.Gutierrez et al., Appl. Phys. Lett. 90 (2007)
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.JELB PLD YBCO nanocomposites

csic

Interfaces and associated strains, defects, ... can be tuned and maximized
and vortex pinning properties enhanced
YBa,Cu;0,, — BaZrO; nanocomposite by PLD/MOCVD (in-situ growth)
Epitaxial YBCO-BZO interfaces Self-organized BaZrO; nanorods . .

c) 0.8

—#— Undopead
—a—2% BZO

I
Hiic i

07 |

=
=]
T

=
w
LI

Jc (MA/cm?)
=
Is

=
[
T

77K1_T_'1-4n”II”I-;”I::u”Iqlzlllelnlllaln”;-;c-”;m

Angle {deg)
Anisotropicincrease of performances

Y. Yamada, APL 87(2005) B. Maiorov, Nat Mat 8 (2009)

J. McManus-Driscoll, Nat. Mat. 3, 439(2004) ]
S. Kang, Science 311 (2006)
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Tuning self assembling in films grown by PLD

Tuning the temperature and growth rate during PLD deposition of BZO doped
YBCO — nanopatrticles or self-assembled columnar defects

= 1)

--1//'1 I

‘ / Synergetic combination of different types
A of defect to optimize pinning landscape

— 745 °C
A i \ ' — & TesoC

Maiorov et al. Nature Mat. 8(2009)



3 UNIVERSITY OF

PLD: YBCO co-doping with Nb and Ta CAMBRIDGE
03 Nanorods / nanoplatelets
=4=—"5% BYNO 3T, 27K 2 TR 1 xi\ : _7 x T

=2 .5%BYNO-2.5%BYTO
0,25 | =#=5%BYTO

£
EO,Z
s
2
0,15 -
0,1 T T T T T T T T T T +5%BYNO
110 90 -70 -50 -30 -10 10 30 50 70 90 110 1E+10 B2 5%BYNO-2.5%BYTO
Field Angle 77K =5 %BYTO
e Superior, but complex, angular properties  sto09 i —>—YBCO
 Excellent and easy tunability “
S 2 6E+09
. Overall Field Direction g
S
£ 4E+09 - »
s
£
a
— ]
— —1 S
2 — E— 2E+09 =N 4 _
i+
0 , , SR
0 1 2 3 4 5 6
Field T
- > . M.Bianchetti, G.Ercolano, A.Kursumovic, B. Maiorov, Nat
Baf Y/Gd)(Nb/Ta)Q, " (Y/Gd),0,

J.L. Macmanus-Driscoll (unpublished) Mat 8 (2009)



UNIVERSITYof HOUSTON

Very high density of columnar defects in 15%-
25%2r0,-added YBCO

Average BZO size 5.5 nm
Average spacing ~ 12 nm

Density = 6.9 x 101 ¢cm-2!

Very few interruptions to BZO
growth along the c-axis

Modified processing: no texture degradation and T, remains constant



HOUSTON ?f}
Far superior pinning in 15%Zr tape at 4.2K [/
compared to the best 7.5%Zr tape to date

A Xu et al, APL Mat (2014) 20 | - I
1 Measurements at NHMFL | ' 134 4.2K Hllc 15 mol®% Zr ]
[ %o, 1S Y '_
e, 15mol%Zr | 1.4 - W -
e : /
L _ ' ' B, ~7T ]
- k. o=0.9 ~ 12 @ ¢ i
S 10 o E 0] 9 "
= ] ****w | o081 9 ***-*-*-* Fedek—
S ] 7.5 mol% Zr My 1 * o6l @ S ARIAK _'
0=0.73 *""‘!ag. o4 -%**** -
| HTS fim thickness ~ 1pm 97052 4 90 Measurements at NHMFL ;
4.9K Hilc Non-Zr ] by A.Xu, J. Jarozynski, D. Larbalestier |
1 T T T T T L T T l]'l] T | T T T T T T T | T T T T T
1 10 30 0 4 8 12 16 20 24 28 32
Magnetic Field (T) Magnetic Field (T)

« 20X higher Jcin 15%Zrat 4.2 K, 10 T and 2.1X higher Jc in 15%Zr at 4.2 K, 20T
» The max pinning force increases from 0.9 TN/m? in 7.5%Zr to 1.7 TN/m? in 15%Zr
»  Pinning force in 15%Zr nearly constant 1.7TN/m?3 from 8to 31 T
— O 0.99 indicate huge weak pinning in 158%Zr at 4 K (in addition to pinning by nanocolumns)
s . _ -
Very likely at 4.2 K: Isotropic/strong B<7 T and Isotropic weak B>7 T



HOUSTON

77
Far superior pinning in 15%Zr tape at 4.2K [/
compared to the best 7.5%Zr tape to date

A. Xu et al, PRB86, 115416 (2012)

2.0

1.34 4.2K Hiic 15 mol% Zr |
1.6 - |S Iﬂ 239933090099 i
1.4 - _
I § | By~7T JiY |
~12] @ ¢ |
E. ]l @
= 1.0 - & .
= 1 @ 7.5 mol% Zr ]
=05 @ ek kK]
o .'n **** Salia ]
L 0.6 4 :ﬂ *ﬂ'****** -
8 '
0.447 i
0.2 _': Measurements at NHMFL ]
o by A.Xu, J. Jarozynski, D. Larbalestier |
l]'l] | T T T T T T T | T T T T T
0 4 8 12 16 20 24 28 32

Magnetic Field (T)

2.5X higher Jcin 15%Zrat 4.2 K, 10 T and 2.1X higher Jc in 15%Zrat 4.2 K, 20T
The max pinning force increases from 0.9 TN/m?3 in 7.5%Zr to 1.7 TN/m?3 in 15%Zr

a = 0.99 indicate huge weak pinning in 15%.2r at 4 K (in addition to pinning by hanocolumns)

=

40 5 e
— 304 42K |
E
o ]
<
=
=, 20 1
-
: == i;?’ "%‘
10 4 ; E
25T
u L] 1 L] L] L] L]
0 15 30 45 60 75 90
6 (Deqg)
»  Pinning force in 15%Zr nearly constant 1.7TN/m?3 from 8to 31 T
i

Very likely at 4.2 K: Isotropic/strong B<7 T and Isotropic weak B>7 T
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1& 77K Hllc (a) ]
§%3‘°ng°°% « Performances at 77 K
* ]
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ReBCO self-doped tapes in high fields

——NbTi Cu/non Cu ratiio =1.35

—e—Nb3Sn Cu/non Cu ratio = 0.30

1.000.000
(NbTa)3Sn Cu/ non Cu ratio = 0.30
\ —e—(NbTaTi)35n Cu / non Cu ratio = 0.30
—+ high field CC, Bruker HTS, Jan 2014, 22m
s 100.000 Bllc
o~
< S
T e e N - G B N e 0 T3 PP
—_ ——t
(3]
£
=
=
2 10.000 \
A
1.000
0 5 10 15 20 25 30

e inmagnetic field B]|c 18T: I

Induction [T]

=495A at 4.2K

- 38

kA/cm?

e measuredin short piece of recently PLD2-fabricated 22m long,

4mm wide HTS tape

A. Usoskin, MRS spring meeting , April 22, 2014



ReBCO self-doped tapes in high fields
BRUKER

1000
<
N L] Tape lengths:
< 300 ape lengths:
= up to 200 m
$ [ Bruker, March 2014
& 600 / I homogeneity: 2-5 %
@ .,
3 o S |, at 77K, SF:
g 400 Py e 250-550 Alcm-width
£ LIPS
T 200 / * . |, at 4.2K, 18T, Bc:
o world status in 2013 up to 1230 A/cm-width
(long tapes)
0 |
0 10 20 30

Induction (Bl|c) [T]

e inmagnetic field B]|c 18T: 1.=495 A at 4.2 K

e measuredin short piece of recently PLD2-fabricated 22m long,
Admm wide HTS tape

A. Usoskin, MRS spring meeting , April 22, 2014
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| Solution derived- YBCO nanocomposites N

eurotopes ICMAB CSIC
Addition of metal-organic salts in the TFA precursor solution : Spontaneous nanoparticle
segregation within YBa,CuzO; matrix : BaZrO; Ba,YTaOg BaCeOj; Y,03

3.2
1%, YBCO-BZO Nanocomposite
2.4- \\__—/
1.69 77K, 1T
_ X7
0.8 ,\ YBCO-TFA
0.0 r‘ . - . : : :
90 135 9(deg)L80 225
m,\80-H'//C' et . ]
Z 60| Y
= I YBCO -NANOCOMPOSITE 65K
> | _
(@]
S40¢ X5 ]
g) | ]
€20 NbTi 4.2K
=
YBCO-TEA 65K

0o 2

4 6
HH (T)

The highest isotropic performance ever
found in any superconducting material

A. Llordés, et al. Nat. Mater , 11, 329 (2012)
J. Gutierrez et al, Nat. Mater. 6, 367 (2007)
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New vortex pinning mechanims in CSD YBCO nanocomp. g

e Local lattice

by CuO
intergrowth

determination

* XRD: nanostrain

‘“—-
Addition of metal-organic salts for TFA

nanocomposites with Y,0;, BaZrOs, Ba,YTaOg,
BaCeO; nanoparticles

Nanostrain is the key issue for the
performances achieved

A. Llordés, et al. Nat. Mater , 11, 329 (2012)
J. Gutierrez et al, Nat. Mater. 6, 367 (2007)

strains generated M. Coll et al., SUST 26, 015001 (2013)

104 77K

ISO tot
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\
\
\
\
\
|
\
1 j \
\
\
\
I D) 1\
' BAY
© 6660

BZO
YO
BCO
BYTO

005 010 015 020 025
nanostrain %



Iﬂ? . . . . Blatter appr. from IL(6) down to
cmas  Effective pinning anisotropy s, ve=Heostorpzsincge | -

10
' T=77K -
< ~ ] Yeti ~ 1.4
El-}\ Yorr ¥ 14 | 8_
(@)
§ : 6_\
= IE Al .~
‘ 1 —e—43°
_ 01t . S A \\
0.1 :‘:i%zﬂ’sgéi - o .
Sk [ 78 8 8 8 8 8 90 @
oo Je &)
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90 135 180 8 .
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8 3 |
] [*)
o ;s..m 4
6- ° _
] Al
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2 N ~ Sy ‘ Sxy/&‘Z
24 @ BzO ]
O T T T T T T T 0 YO +
5 10 15 20 @ BCO
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Nanostrain and nanostrain- 0
anisotropy correlate with y.¢

A. Llordés ... T Puig., Nat Mat, 11, 329 (2012)
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M YBCO CSD nanocomposites
isotropic pinning landscape and in-plane pinning
Strong pinning contribution at H//ab: intrinsic pinning and planar defects
' ' ' ' ' ' : YBCO — BZO nanocomposite
10%BZ0 HoH = 5T
LEJ 10k .3 10K, 9T |
1 '
= !’
) ' o Pristine |
5K, 9T |
T=77TK
1L | | | . . ] 0190 135 0(°) 180
90 135 180
6(deQ)
MOCVD - YBCO
CSD - YBCO

Ex — situ and in-situ grown films seem to have similar pinning landscapes
at low temperatures

CsiC
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Wy YBCO CSD nanocomposites r
isotropic pinning landscape and in-plane pinning '“*°

Strong pinning contribution at H//ab: intrinsic pinning and planar defects

40- ,‘“‘ 11,780
: | ‘8%
— . 10%870 ] - 42K PE 73 At
& 3 10K, 9T, & SR
élo_ i . _ El.zu- .."“f o 880 3
<= /‘ ® ] L .lllll s l':i % %
™ ' .\_ Pristine | 1“'51-‘ A a4 s 3 40
T 10T P 9 .¥.
oK 9T' . :*:' :-' e *-f**ﬁ.'*&**zn
1L i Dﬂ '1'5'3'014'516'0'1'5.9'0'u
L 0 (Deg)
90 135 180 .I._H
6(deg) b
MOCVD - YBCO
CSD - YBCO ?7.\
L =

Ex — situ and in-situ grown films seem to have similar pinning landscapes
at low temperatures
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200 |

600

10%BZ0O
10K

Pristine

O N
0 5 10
u,H (T)
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10%BZ0O sssseses |
e
= 200 25k
Q
LLQ_
Pristine
%070 1 2 3 4.5.6 7 8 9 10
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Pinning properties of the CSD-YBCO nanocomposites (H//c)

2.0 T T T T T T T T T T T T T T T
1.8 42K Hile 15 mol% Zr
1.6 - F 2339900309394 _
1.4 § .
_12] P :
E .
= 1.0+ ; 7.5 mol% Zr
e gk ’*’*
ﬂ.ﬂﬂ_ p 1E***4dﬂﬂkfi'ir1k'*
L o
0.6 - _
9%
0.447 i
0.2 _.: Measurements at NHMFL ]
I by A.Xu, J. Jarozynski, D. Larbalestier |
I] I] T T T T T | T T T T | T |

12 16 20
Madanetic Field (T)
MOCVD CCs from Superpower
APL Materials (2014)

0 4 8

24 28 32

S 77

* Very high pinning forces can be achieved in
both cases with different pinning landscapes
*The 5K -20 K temperature range appears

very attractive to use CCs for HFM
* Huge pinning forces for H//ab

N

'
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eurotopes
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Pinning properties of the CSD-YBCO nanocomposites (H//c)
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10K
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| 10
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0.2
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14.2K Hilc

2 i
/
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JHAK _

19

: Measurements at NHMFL

15 mol% Zr o0d f-

!

by A.Xu, J. Jarozynski, D. Larbalestier |

0

4 8 12 16 20 24 28 32

Maanetic Field (T)

MOCVD CCs from Superpower — T 7}
APL Materials (2014) TpSUK 74 v

* Very high pinning forces can be achieved in
both cases with different pinning landscapes
*The 5K -20 K temperature range appears
very attractive to use CCs for HFM

* Huge pinning forces for H//ab
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“=""  pinning properties of the CSD-YBCO nanocomposites: H,T '

LY
eurotopes ICMAB

pinning strength diagrams (H//c)
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IC‘IE:LB New vortex pinning proposal: Bond contraction pairing model

- Coupling lattice strains with Cooper pair supression
EUF‘E:DDEE
Pair breaking energy:
Cu 0 Cu
(t )2 - A : pseudogap
_ Cu0/ * tcuo: transfer integral between Cu
BCP: Q- O O 2A=4 U 8t0 dand O p orbitals
U - U : on-site Coulomb repulsion
v 1 2 teuo (¢ 1/dcyo’) - to : half bandwidth
Strained
regions

L

' intergrowth

_ "

In-plane.
partial

dislocation
20nm 7 Y248

See G. Deutscher Huge dislocation density ~1-5 x10'2 cm-2

G. Deutscher, P.G. de Gennes, CRAS (2007) / G. Deutscher, APL (2010); / A. Llordes et al., Nat. Mater (2012)
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= Optimal hole doping in CuO, planes

e Optimaldoping (YBCO): max. T_ (/-0 =6.95)~ 92.5K.

e Universalcurve Tcvsp: T, /T, s =1-82.6X(p-

max —_

0.16)2

e MaximuminlJ_is at maximumin U, ~(H.2/8m) (n & 2) (p ~0.19)

120 v, Ca,Ba,Cus0,; ' 10
max. J. inp — 0.19 J (10K)
100 f ¢ 1
< | —
— 80} T = RS B =¥ . e
; c 4 6 )
t. ',.-.. .
< oeof - * - 3
-~ E[ V4 . O
e ..' P \ '-. 4 4 —
= 40} » ¢ —
) ’ o
’ T —
i 20 / Rk
,s? J (20K)
. -” C A
v - A
0 . al ] ! 0
0.05 0.10 0.15 0.20 0.25

p hole concentration

J.L.Tallon, Phys. Stat. Sol. (b) 215, 531 (1999).

CsiC
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Uis strongly dopmg depende_nt

400-YB&CUO I
- - 90
‘;300- ;
N¥ _-80n_l
= I -
200 4 I A
E 70 =
O
< Z
100 - - 60
- - :
] S — (g

G.Deutscher, New Superconductors: from granular to Hgh Tc, World Scientific

Thereisroom for improvement!
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Vortex pinning issues in YBCO nanocomposites

— In-situ

eurotaopes ‘

Simultaneous YBCO/NP
growth (PLD, MOCVD)

Self-asssembly
Superposition anisotropic
nanophases

(nanorods,nanoplatelets)

v

Complex combination of
defects to smooth J(0)

v

APC are the nanophases

APC

nanocomposites

Ex-situ

l

Sequential NP/YBCO
growth (CSD)

v

Random nanoparticles
induce isotropic
nanostrain

v

Natural generation of
quasi - isotropic J.(0)

v

New vortex pinning
mechanism: nanostrain
vs Cooper pair breaking

v

APC are embeded in
YBCO lattice

CSIC
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T o . “‘" |
s APC characteristics in CCs ICMAB |

0 0 Orc 0 ) U
In - situ PLD, EV, Epitaxial 1D Seglf'd Local AS
assempie .
MOCVD nanocolumns | Nstrain IW
IS
Ex - situ CSD Random + | 3Drandom Long IS
RCE - DR epitaxial range AS
nstrain IW

* Two very different vortex pinning landscapes appear

* Core pinningmechanism requires identification of the relevant defects and its complex
interaction

* Anisotropic— strong pinningcenters are usually well identified

* Isotropic strong pinning has been correlated to nanostrainin CSD, not yet in other techniques
* The real origin of isotropic weak pinningcenters is unknownin all cases

* W pinning seems to be relevantonly inin-situ CCs at very high magnetic fields and low
temperatures
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» HTS materials: power and magnet applications
» What are the novel opportunitiesraised by coated conductors?
» Physics behind the CCs
» What are the coated conductors?
» Manufacturing approachesto CCs
» Towards enhanced performances
» Highcurrents
» \ortex pinning
» Costand performances prospective

» Conclusions
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How can we realize practical HTS 2G wire? (ll)

% Throughput : Important for availability & costl!

Throughput is the key

Equipment cost share = capital investment / throughput

f

Key to lowering cost
Throughput = volume production rate

P=AxR =L«xW=xR =vxW=xD
i '\',' ] 3 3
'JF x .l'll y I."r III'-
."II Illll‘l. ."Il llH:
pmc.cs sing I hlcknass tape tape tape film
area rowth rate length width speed thickness

f ! X

| | process !! - |

RCE-DR
(melt growth)

» RCE DR : ~ 100 nm/sec or faster (SUNAM)
~ PLD, MOCVD ~ 10 nm/sec, MOD ~ 1 nm/sec

SUNANM " RCE-DR process : easy to scale-up to wide strip.




Cost Analysis : what’s the limiting factor?

m Assume 500 A/lcm-width CC & 4 mm width equivalent wire.
m Assume throughput/single line & 100 % yield.

Through Equipment | Labor (Depreciation
-put | time/week | Production | depreciation/ + labor)/length Methods
(m/hr) yr (M$) ($/m) ($/kA-m)
50 60 150 1.5 1.5 20 100 PLD
MOD,
100 100 500 2 2 8 40 MOCVD
MOD(100 mm)
500 60 1,500 2 2 2.7 13.3
RCE-DR
3,000 100 15,000 4 4 0.53 2.7 RCE-120 mm

m Considering yield, minimum cost increases much higher value.
m |n large volume case, material cost & yield is much more important.

SUNAMN



Direction of Technology Development in the Future

Price Reduction

“Increasing Demand for HTS
2G wire has surpassed the

supply”

(Unit: USD / kAm)

“For market entrance $ 50 /
kAm is the threshold ”

----------ﬂ

12 mm

1,000 km/y

120 mm 360 mm
15,000 km/y 75,000 km/y

widtH :
|

“Price Reduction will ignite )
Capacity :
1

an exponential growth of

demand for HTS 2G wire”

Max Revenui- . $ 20 Mil. $ 75 Mil. $ 150 Mil.

1
CAPEX‘I : $ 7 Mil $ 20 Mil. $ 30 Mil.

“High throughput, low
material cost, High yield is 3
Critical Success Factor”

SUNANM

1 Achievable with
I Existing Line of
I SuNAM

- ) ______J

* Capital Expense : Required Investment in Production Line



Rapldly decreasing price of 2G HTS wire
through technology advancements

100,000

10 m demo —-77 K, self field
\\100 m demo 30K, 2T
10.000 Creation of

. separate

g 500 m Manufacturing

§ 1000 demo 1,000m  4n4

57 First year \‘\dewﬁ R&D facilities

o of pilot 2 to 4x —*

ol .

s 100 production higher D\

throughput AP wire
(Zr-doped)
product
10 | ' ' | | introduction
2004 2005 2006 2007 2008 2009 2010
Year

Wire price-performance improved by ~ 200% to ~ $ 100/kA-m for
30 K, 2 T applications
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CC’s: expected market growth and cost
decrease

7000 1

6000 T

4"”'

/zf}

f'lz.
Magnets

M Rotating machines
- M Transmission and
distribution
f“‘
—
1 1 1 1

5000 1

4000

3000 -

Market HTS systems (M€)

2000 -

1000 -

2010 2015 2020 2030

Year

Estimated world market
evolution of SC systems

~6.5bn € by 2030 (1.3 bn € in wires)
~1.500.000 km/year by 2030 (x 1000 present production)

Throughputand performance are
key to reduce cost/kAm: capital
investment depreciation and
total current

200
180
160
140
120
100
80
60
40
20

0
1,000 10,000 100,000 1,000,000

Cumulated conductor length in km

Estimated cost decrease of CC’s with
cumulated production: operating
conditionis the real metric

Price in €kAm

copper wire price




== Prospectives for CC production: ¥
a personal view !

eurotopes

Technology Investement Runningcost Throughput Performances
cost (I, Foy
anisotropy)
PLD High High Medium ~ 4+ -
MOCVD Medium High Medium ~ 4+ =
CSD-TFA Low Low Medium -+ +
RCE-DR Medium Medium High + - -
2 Medium Low Medium + - -
CSD - Liquid Low Low High + + +
Assisted
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Conductors at low temperatures

10°

42K

10° ¢ S *Several HTS

- YBCO: B 1 Tape Plane conductors are
suitable for
ultrahigh field
magnets

e Detailed studies
of the engineering

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

magnet
characterists and
\R how theyfitinto
2212: 1 bar OP f‘ == Nb,Sn: RRP® t:-‘ﬁ the enwsaged
\. R accelerator
102 - JJ_|_I_I_I_I_|_I_I_I_I_|_I_I_I_I_|_I_I_I_I_ . 'II
requirements wi

0O 5 10 15 20 25 30 35 40 45
Applied Field (T)
Courtesy of D. Larbalestier, Nature Materials (2014)

be necessary



Road for
Superconducting
World by CC

Appllcable

Capable - AR

Courtesy of T. Izumi



Lower cost and higher ‘
performance of Pro a ation
conductors is key for p g
propagation!

[V
Applicable
Capable = o :

Courtesy of T. Izumi
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. Conclusions
ICMAB -“@
eurotopes CSIC |
» Carefully consider the potential of CCs to go well beyond any other

superconducting materials ! Use at best the CCs capabilities !
» HTS magnets at 30 T may become soon a reality (no physics limitations)

» Performance of CCs in the range 5 K—20 K are very similar up to ultra-high
magneticfields. Closely scrutinize the possible advantagesin terms of
thermal stability and cooling expenditure

» Performance optimization at low temperatures and ultra-high fields requires
further R&D effort. High T applications were a priority up to now. There is
plenty of room for improvement, more knowledge needs to be generated

» Don’tlook at the present cost/performance ratio as a crucial parameter to
envisage HFM design and projects decisions

» Astrong and fast decrease of the figure of merit €/kA m is being
registered at all working conditions. Many industrial partners have plans
to extend manufacturing capabilities and cost decrease

» Synergetic effects are expected between accelerators and other market
demands
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