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High Temperature Superconductors (HTS):Can they be useful 
for SMES and other green energy applications? 

•  The	technical	answer	is	yes	–	validated	with	
both	LTS	materials	in	the	1960s	and	1970sband 

with	HTS	from	the	1990s	to	today	
•  Economically	the	present	answer	is	NO	
•  The	missing	link	is	an	affordable,	inexpensive	conductor	

that	can	compete	with	Cu	and	Fe	
•  In	the	last	10	years,	HTS	conductors	are	showing	that	

they	can	produce	high	magneBc	fields	quite	impossible	
with	any	low	temperature	superconductor	(LTS)	

•  The	“killer	app”	for	superconductors	is	the	generaBon	of	
high	magneBc	fields	or	low	fields	in	large	volumes		



Time lines of Superconductivity 

SuperconducBng	applicaBons	had	a	50	year	germinaBon	

•  Science	
•  1911	–	discovery	
•  1932	–	Meissner	effect	
•  1936-7	–	the	vital	influence	of	allowing	a	

pure	metal	(Shubnikov)	
•  1950	–	phenomenological	theory	

(Ginzburg	and	Landau)	
•  1957	–	BCS	theory	–	electron-phonon	

basis	for	superconducHvity	
•  1957	–	vortex	state	in	high	κ	

superconductors	(Abrikosov)	
•  1986	–	superconducHvity	in	cuprates	

(Bednorz	and	Muller)	
•  ……………superconducHvity	everywhere	(at	

low	temperatures)	

•  ApplicaHons	
•  1913	–	vision	of	a	10	T	

superconducHng	magnet	(Onnes)	–	
dashed	by	1914	

•  1936	-	Signs	in	Kharkov	of	path	to	
higher	field	superconducHvity	

•  1961	–	High	current	density	in	high	
fields	finally	discovered	in	Nb3Sn	
(Kunzler,	Buehler,	Hsu	and	Wernick)	

•  1960s	–	superconducHng	magnet	
technology	took	off	

•  2000s	–	widespread	applicaHon	of	
HTS	(in	the	LHC,	all	the	LTS	magnets	
are	powered	by	HTS	current	leads)	



A historical perspective….Kammerlingh Onnes in Chicago 1913  
(IIR) 



Onnes in 1913……………………..! 

•  The	concepHon	of	a	10	T	magnet	
–  The	impossibility	of	doing	this	with	Cu	cooled	by	liquid	air	(as	
expensive	as	a	warship)	

–  The	possibility	of	doing	it	with	superconductor	(1000	A/mm2	
with	a	Hg	wire,	460	A/mm2	with	a	Pb	wire	

–  Silk	insulaHon	allowed	easy	He	permeaHon	
–  Sn	coated	on	a	strong	constantan	wire	

•  A	liNle	problem!	
–  Resistance	developed	at	0.8	A,	not	20	A	
–  48	years	had	to	go	by	before	the	path	to	high	field	
superconducHng	magnets	was	cleared	



Transition temperature Tc, Upper Critical Field Hc2 and 
Superconducting critical current density Jc define applications 

>95%	of	present	superconducBng	technology	is	Nb-Ti	and	
Nb3Sn	–	HTS	is	possible	but	conductor	availability	and	cost	

is	the	issue	
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Available conductor choices today 

1.	Nb47Ti	conductor-	thousands	of	8	
µm	dia.	Nb47Ti	filaments	in	pure	Cu,	
easily	cabled	to	operate	at	10-100	kA	

3.	Bi-2223	–	the	first	HTS	conductor	–	high	Jc	requires	uniaxial	texture	
developed	by	deformaBon	and	reacBon	

2	µm	Ag	

20µm	Cu	

20µm	Cu	
50µm	Hastelloy	substrate	

1	µm	HTS	
~	30	nm	LMO	
~	30	nm	Homo-epi	MgO	
~	10	nm	IBAD	MgO	

<	0.1	mm	

4.	REBCO	coated	conductor	–	highest	Jc	obtained	by	biaxial	texture	
developed	by	epitaxial	mulBlayer	growth	

2.	RRP	(150/169	design)	very	high	Jc	Nb3Sn	
conductor-	thousands	of	few	µm	dia.	Nb	filaments	

in	pure	Cu	converted	to	~	40	µm	filaments	ader	
reacBon	with	Sn	cores,	easily	cabled	to	make	10-20	

kA	conductors	

5.	Bi-2212	–	high	Jc	in	isotropic	form	without	macroscopic	texture!		
The	first	HTS	conductor	like	an	LTS	conductor.	



My point of view 
•  I	have	been	in	the	development	and	applicaHons	of	

superconductors	(almost)	my	whole	career	
–  1965-1970	worked	on	basics	of	superconducHng	materials	for	PhD	at	Imperial		
–  1972-1976	Rutherford	Laboratory	SuperconducHng	Magnet	Research	Group		(Goal	–	

superconducHng	dipole	magnets	for	the	next	CERN	accelerator	(SPS)	–	achieved	
about	2006	in	the	LHC	

–  1976-2006	University	of	Wisconsin	Madison	–	first	the	Diurnal	SuperconducHng	
MagneHc	Energy	Storage	(SMES)	Program,	then	the	much	broader	Applied	
SuperconducHvity	Center	

–  2006-	now:		The	NaHonal	High	MagneHc	Field	Laboratory	at	Florida	State	University	
which	has	the	world’s	highest	DC	power	for	high	magneHc	field	generaHon	(56	MW)	
and	the	highest	fields	(45	T	in	a	hybrid	11	T	large	bore	superconducHng	magnet	and	
a	28	MW	31	T	resisHve	magnet)	–	now	aiming	for	superconductors	to	take	over	

In	the	70s	and	80s	I	worked	on	SMES	and	post	1987	
received	strong	support	for	electric	uBlity	applicaBons	up	

to	cancellaBon	of	the	US	program	in	2011	



Diurnal SMES at Wisconsin 

ConcepBon	(supported	by	WI	uBliBes)	was	to	store	
5000-10,000	MWHr	diurnally	to	prevent	cycling	the	ouput	

power	of	baseload	nuclear	and	coal	plants	

•  SuperconducHng	magnet	
–  stored	energy	=	0.5	LI2	=	B2/2µ0	

•  Power	CondiHoning	System	
–  round	trip	efficiency	~90%	

•  Cryogenic	Vacuum	Enclosure	
–  Maintains	the	superconducHng	

state	
•  Structural	Support	

–  reacts	the	Lorentz	forces	
•  Energy	scaling	with	size	is	

aNracHve	
–  E	≈	Volume2/3	

A	football-stadium	sized	superconducHng	magnet		



Essential elements of the Wisconsin SMES design 

•  The	uHliHes	were	run	by	
engineers	and	they	were	
interested	

•  Flexible	and	generous	
R&D	support	for	a	decade	
to	work	on	the	basis	
ideas	

•  100	kA	Nb-Ti	
superconductor	cooled	
by	superfluid	He	at	1.8	K	

•  Forces	transmiNed	to	
granite	bedrock	by	
opHmized	composite	
supports	

The	SMES	was	conceived	as	a	system	but	construcBon	
costs	ensured	that	no	real	diurnal	system	could	be	built	



Much smaller system stability SMES were designed and built 

•  About	a	dozen	D-SMES	
units	were	built	by	AMSC	
in	the	late	1990s	and	
early	2000s	for	local	
system	stabilizaHon	

•  3	MJ	delivering	about	1	
MW	for	1-2	secs	to	
miHgate	power	dropouts	

•  All	in	self-contained	40	
foot	trailer	

•  He	cooled	Nb-Ti	magnet	
(HTS	too	high	cost)	

Small,	system-stabilizaBon	SMES	seemed	to	offer	major	
benefits	as	MW	UPS	for	a	few	seconds,	but……..	



THE HTS Era:  1986 to today 

“SuperconducHvity,	once	a	dead	end,	becomes	the	hoNest	
thing	in	physics”	-	Time	Magazine,			11	May	1987	

•  POSSIBLE	HIGH-TC	SUPERCONDUCTIVITY	IN	THE	BA-LA-
CU-O	SYSTEM		
BEDNORZ	JG,	MULLER	KA		
Z	FUR	PHYSIK	B-CONDENSED	MATTER			64,	189-193			
1986	,	Times	Cited:	~8000	
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v  GB	is	an	obstacle	to	supercurrent.	

𝜉= ​ℏ𝜈𝐹/𝜋Δ  , Δ∝𝑇𝑐 

				⟹𝜉∝1/𝑇𝑐							

	

•  Small	coherence	length(nm)	makes	HTS	very	
sensiHve	to	local	defects	on	nanometer	scale	

v  IBM	group	was	the	first	to	demonstrate	the	
significance	of	grain	alignment	for	REBCO.	

v  A	fast,	exponenHal	decay	of	JcGB	beyond	a	small	
criHcal	angle:	
•  Planar	bi-crystals	
•  CriHcal	angle	θc	~3o	

)/exp()( 0 c
GB
c JJ θθθ −=

bi-crystal 

Dimos et al., PRB, 41(4038), 1991 

Long	length	conductors	must	contain	GBs	
Cuprate	GBs	strongly	obstruct	current	
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     16O [001] tilt grain boundary in YBCO 

⊥ 

⊥ •  GB	dislocaHons:	
–  Accommodate	misaligned	grains	
–  Induce	strain	field,	oxygen	vacancies	

and	extra	charge	
	

Hilgenkamp	et	al,	Rev.	Mod.	Physics,	74(485),	2002	

Abrikosov		
vorBces	

Abrikosov-	
Josephson	
vorBces		

J	

GB  
A Gurevich and E.A. Pashitskii,  
PRB 57, 13875 (1998) 

GB “signature” 

N. Heinig, et al.,  
PRB, 1999. 60(2): p. 1409. 
 

v  Reduced	charge-carrier	(hole)	density	
v  Suppressed	superconducHvity	at	GB	

distorts	vortex	structure	and	enables	easy	
flux	penetraHon	

	

Complexity:	Strain	and	charge	inhomogeneity	at	GB	



GB obstruction forced development of coated conductors of YBCO:  “single 
crystals by the mile”  (Below the 1990-2010 drivers) 

Ni-W alloy 
(50-75 µm) 

Y2O3  (~75 nm) 

YSZ  (~75 nm) 

CeO2  (~75 nm) 

Ag  (<1 µm) 

Copper Stabilizer 
50-75 µm 

The	IBAD	approach	–	ion-beam-assisted	
deposiHon	of	the	textured	template	

Production in 500-1000 m lengths, delivery rather shorter 

2	µm	Ag	

20µm	Cu	

20µm	Cu	

50µm	Hastelloy	substrate	

1	µm	HTS	
~	30	nm	LMO	
~	30	nm	Homo-epi	MgO	

~	10	nm	IBAD	MgO	

<	0.1	mm	



-0.04 µV 

8-10º	GBs	force	current	to	flow	through	lower	angle	GBs	

0.42 µV 

0.8 T, 
77K 

50 µV 

J

J

Abraimov 

GB	dissipaBon	visualized	by	LT	
laser	imaging	

OIM, 
E field 
map 

Electric 
field map 

Misorient
ation + E 
map 



Electric utility application of HTS had great support 1990-2010 

Programs	in	US,	EU,	J	and	later	Korea	and	China	developed	conductors	
and	all	components	of	the	electric	system	in	parallel	



One technically successful example of a 
high power cable 

•  Cables	now	work	at	all	voltages	up	
to	138	kV	and	>500	MVA	



2010 DOE message: 
Low cost HTS conductor was the promise not fulfilled  

In	2010,	DOE	zeroed	out	the	program,	saying	that	uBliBes	would	not	
buy	HTS	devices	and	thus	DOE	$	would	be	beper	spent	searching	for	a	

room	temperature	superconductor	



How about HTS magnets as Onnes’ “killer app”? 

In	short,	HTS	conductors	should	enable	2	or	even	3x	LTS	magnets	
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transition line 



MagLab Hunting License 
  MagLab has worked in framework of 2003 

and 2013 National Academy reports on High 
Magnetic Field Science and Technology 
done under NSF sponsorship 

  Our 32 T program framed the MagSci 
challenges 

  Great progress has been made 
  First on the conductor technology 
  Recently on the magnet technology 

  Principal effort has been to get a >30 T user 
magnet built (2009-2017) 

  Smaller R&D effort on HTS NMR followed the 
strong MagSci urgings, starting in 2013 

Key	messages:			
1.  NSF	supported	a	small	MagLab	HTS	program	from	its	beginning	–	COHMAG	allowed	it	to	focus	on	

user	magnets	–	the	program	got	serious	axer	the	Applied	SuperconducHvity	Center	(ASC)	moved	to	
the	MagLab	(2006)	

2.  DOE	(EERE,	the	HEP	and	now	EERE-AMO	again)	has	supported	HTS	conductor	technology	

New	mechanisms	should	be	devised	for	funding	and	siHng	high-field	
NMR	systems	in	the	United	States.	To	saHsfy	the	likely	demand	for	
measurement	Hme	in	a	1.2	GHz	system,	at	least	three	such	systems	
should	be	installed	over	a	2-year	period.	These	instruments	should	be	
located	at	geographically	separated	sites,	determined	through	careful	
consultaHon	with	the	scienHfic	community	based	on	the	esHmated	
costs	and	the	anHcipated	total	and	regional	demand	for	such	
instruments,	among	other	factors,	and	managed	in	a	manner	that	
maximizes	their	uHlity	for	the	broad	community.	Moreover,	planning	
for	the	next-generaBon	instruments,	likely	a	1.5	or	1.6	GHz	class	
system,	should	be	under.	way	now	to	allow	for	steady	progress	in	
instrument	development	



Multiple MagSci Goals (about $500M in 2013) 

  Consider regional 32 T superconducting magnets at 3-4 
locations optimized for easy user access.  

  Establish at least 3 US 1.2 GHz NMR instruments (Bruker 
systems?) for broad access and plan ~1.5 GHz class system 
research and development  

  Establish high field (~30 T) facilities at neutron and photon 
scattering facilities 

  Construct a 20 T MRI instrument (for R&D with Na, P etc) 
  Design and build a 40 T all‐superconducting magnet, 
  Design and build a 60 T DC hybrid magnet to capitalize on the 

success of the world record 45 T hybrid magnet in Tallahassee 

Very	strong	synergy	with	HEP	goals	(future	100	TeV	circular	hadron	collider)	and	
fusion	goals	(Tokamaks	beyond	ITER	e.g.	DEMO	or	small	compact	machines)	

2016	NSF	and	DOE	workshops	have	shown	a	large	user	base	for	25-30	T	neutron	
and	photon	beamlines		



The present MagLab program 

•  The	32	T	User	Magnet	–	a	“conservaHve	design”	
•  R&D	magnets	

–  Towards	30	T	NMR	with	Bi-2212	and	Bi-2223	
–  Towards	35-40	T	with	high	JE	NI	REBCO	

•  Compact	20	T	user	magnet	
•  World	record	DC	field	coils	(LBC	–	liNle	big	coil	inside	31	T	resisHve	magnet	at	MagLab)	

•  Proposals	to	get	the	$5-20M	needed	to	fulfill	such	
magnet	projects	

•  Lots	of	R&D	on	the	conductors,	sHll	far	from	perfect		

No	magnet	is	ever	beper	than	its	conductor!	



REBCO changed the HTS game in 2007 
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•  BSCCO	coils	(1995-2005)	
•  Coil	size	and	delta	B	ì	
•  Bpeak	~	same	
•  σpeak	≤	125	MPa	
•  Jave	î <100	A/mm2	

•  	2007	on:	REBCO	
•  Coil	size	ê,	delta	B	é	
•  Bpeak	éé	34	T	
•  Jave	éé >>200	A/mm2	
•  σpeak	>	200	MPa		
30	T	HTS-LTS	magnet			then	was	
feasible	but	conductor	was	
immature	

The	27	T,	2007	REBCO	SuperPower	coil	showed	huge	
promise	and	enabled	our	32	T	proposal	to	NSF	(2009)	



The 32 T user magnet 
Key parameters: 
 
Center field   32 T 
Clear bore   34 mm 
Ramp time   1 hour 
Uniformity 1 cm DSV  5×10-4 

Operating temperature  4.2 K 
Stored energy   8.3 MJ 
Expected cycles/20 years  50,000 
System weight   2.6 ton 
 
15 T / 250 mm bore LTS magnet 
17 T / 34 mm bore REBCO coils 
Separately powered, simultaneously 
ramped 

REBCO: 2 double pancake coils 
Nb3Sn coils 
NbTi coils 

Dil. fridge or VTI 
32	T	user	magnet	stores	~8	MJ,	

ramp	rate	~	1hour	



32 T status 
The magnet is still in its 
commissioning phase:  Key 
Issues 

  Quench	protecBon	requires	quench	
detecBon	
  	detecBon	in	the	HTS	coils	is	

challenging	
  Important	complicaBons	come	from:	

  Using	an	insulated	single	strand	
conductor	

  The	large	anisotropy	of	the	
conductor	

  A	high	Tc	means	large	energies	are	
needed	to	drive	to	the	normal	state	

Detailed	report	by	HW	Weijers	at	EUCAS	September	2017	



• placeholder	

	

(2009)	

Critical current margin versus quench protection 

OperaHng	current	
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•  Temperature margin goes up during quench as field and current decay 
•  Once current decay starts, it becomes harder to drive rest of HTS to normal state  
•  Desirable to have large fraction of coil volume with ~ same temperature margin 

 

•  OperaHng	at	70%	of	Ic	would	give		>	
10	K	iniHal	temperature	margin	

•  32	T	operates	at	33-10%	of	Ic	

Temperature	margins	are	much	
larger	in	low	field	condiHons	

	
Much	more	energy	must	be	fired	
into	the	quench	heaters	to	protect	

Coil	1	

Each	double	pancake	has	a	
stainless	steel	heater	
triggered	by	a	quench	
signal	from	either	the	LTS	
outsert	or	the	HTS	magnet	
130	kJ	triggers	HTS	quench	
300	J	triggers	LTS	quench	

120	kJ	to	(parBally)	quench	the	HTS	magnet,	about	250	J	to	quench	the	LTS	magnet		



REBCO beyond 32 T:  No Insulation beckons 

•  32	T	was	a	significant	engineering	project	
– Designed	“conservaHvely”	so	that	it	would	last	for	20	
years	(actual	performance	limits	are	only	slowly	
becoming	known)	

•  No	InsulaHon	(NI)	experiments	of	Hahn	and	Iwasa	
drew	our	aNenHon	for	their	much	higher	winding	
current	densiHes,	“soluHon”	to	quench	problem	
and	smaller,	more	affordable	designs	for	30-50	T	
magnets	



Upgrading	an	old	Oxford	14	T/52	mm	bore	to	20	T	

•  Keep	
everything	
except	the	
bad	Nb3Sn	
inner	

•  Needed	
about	$100K	
of	REBCO	
coated	
conductor	



Peak	field	so	far:	19	T,	limited	by	LTS	magnet	

•  Have	demonstrated	feedback	control	to	get	linear	ramp	
•  NI	magnet	is	very	stable,	(old)	LTS	magnet	is	not	
•  Concerns	about	protecHon	of	NI	magnet	against	LTS	quench	without	acHve	quench	protecHon		
•  Retest	with	more	stable	Nb-Ti	magnet	imminent	

Design	by	Seungyong	Hahn,	Conductor	by	SuNAM	

Kwanglok	Kim	and	Kwangmin	Kim	



REBCO beyond 32 T:  No Insulation offers huge Jwinding 

•  Uses	50	mm	bore	31T	resisHve	magnet	as	background	
•  12	pancakes	with	special	SuperPower	30	um	Hastelloy	substrate	and	10	um	of	Cu	
•  Challenge	of	He	bubble	and	damage	by	(random)	31	T	magnet	trips	



LBC3	achieved	14.5	T	inside	31	T:		45.5T	

•  Coil	suffered	one	trip	of	31	T	
magnet	without	current	

•  Then	driven	to	quench	at	45.5T	
•  Some	damage	noHced	
•  Magnet	was	unwound	and	

conductor	run	through		our	
conHnuous	Ic(77K)	
measurement	device	(YateStar)	

Je: 1419 A/mm2 

Jw: 1262 A/mm2 

See	talk	by	Seungyong	Hahn	later	today	

Kwanglok	Kim	and	Kwangmin	Kim	



Very compact, very high field NI (No Insulation) 
REBCO magnets are coming to NHMFL 

Pre- and post mortem testing of LBC3 in YateStar (at 77K) 

P2	 P3	 P4	
P5	 P6	 P7	

P8	

P9	
P10	 P11	P1	 P12	

Outer	à	Inner	
T=77	K,	
Bǁc,	0.6T	

Before	test	
Axer	test	

•  No	visible	
external		
damage	axer	
test	(at	lex)	

•  Blue	traces	
show	Ic(x)	axer	
test,	black	
before	

•  Most	pancakes	
are	damaged	
but	P2	and	P11	
are	(almost)	not	

Seems	that	damage	occurred	under	large	forces,	especially	on	slit	edges,	rather	than	at	
quench	–	is	47	T	possible	for	the	next	LBC?	

Paul	Hu	PhD		



Very compact, very high field NI (No Insulation) 
REBCO magnets are coming to NHMFL Lessons learned from our REBCO coils 

•  Quenches	must	–	and	can	-	be	managed	
•  NI	magnets	make	quench	safer	but	NI	magnets	are	vulnerable	
to	external	energy	inputs	

•  Nested	coils	need	more	work	
•  The	large	anisotropy	of	REBCO	(~5)	makes	quench	
management	more	challenging	

•  Stresses	within	coils	and	forces	between	nested	coils	need	
careful	analysis	

•  The	conductor	manufacture	process	interacts	with	the	coil	
performance	at	the	ultra	high	fields	we	want	

•  HTS	conductor	and	their	test	coils	are	expensive	



The clever materials engineering approach to 
the cheap conductor of “green energy” 
•  Uses	REBCO,	the	
only	HTS	conductor	
capable	of	
operaHng	in	liquid	
nitrogen	in	fields	of	
several	tesla	

•  Must	be	made	
from	cheap	
materials	rapidly	

Key	aspects	were	worked	out	at	Stanford	in	1990s	by	Bob	Hammond	and	
Judith	Driscoll	(Now	Cambridge)	and	are	implemented	in	the	SuNAM	(Korea)	

producBon	of	REBCO	coated	conductor	



Key	point:	raw	materials	are	cheap,	clever	
processing	could	win	out	



Liquid	growth	and	pO2	control	in	bulk	for	
making	YBCO	faster	and	at	lower	temperature	

1995	

1   start here (am. solid) 

2 ~few seconds (L+Y2O3) 

3 ~1 minute (YBCO) 



RCE-DR	:	ReacHve	Co-EvaporaHon		by	
DeposiHon	&	ReacHon	
	
		

Metal/IBAD MgO/LaMnO3/superconductor 
>500 A/cm tapes in 1.0 km lengths in 2 - 5 hours  

rate	of	0.1µm/min	with	mulH	pass	deposiHon	
and	translaHon	rate	of	120	m/hr		



1500 tonnes of LTS SC cables 

27 km Tunnel 

3286 HTS Leads 

Large Hadron Collider 

15000 MJ of magnetic energy 

1232 SC Dipoles 

LHC	at	CERN	–	LTS	enabled	by	HTS	

Switzerland 

France 

Mont Blanc 

Lake Geneva 

Nb-Ti	at	1.9	K	at	CERN	France/
Switzerland	
5000	SuperconducBng	
Magnets	in	27	km	tunnel	
Beam-steering	dipole	magnets	
reach	8.36	T	(1.9	K)	
11	GJ	of	LTS	magnets	enabled	
by	HTS	current	leads	



A REBCO SMES? 

•  A	project	driven	by	ARPA-E	at	
ABB,	BNL,	SuperPower	and	TcSUH	
aimed	to	use	20-30	T	REBCO	coils	
as	a	high	field	prototype:		E	=	
B2/2µ0	[Jm-3]	

•  Use	of	a	toroidal	structure	
enables	full	shielding	of	the	field	
and	maximum	use	of	the	
expensive	conductor	at	its	highest	
Jc	when	H	is	parallel	to	the	tape	
plane	and	the	ab-planes	of	REBCO	

•  The	concepts	were	tested	with	2	
nested	solenoids	that	achieved	
12.5	T	at	27	K		

Gupta	et	al.	IEEE	Trans.	Appl.	Supercon.	26	5700208	(2016)	



Summary thoughts 

•  Where	no	price	compeHHon	exists,	HTS	is	doing	fine	
–  REBCO	now	at	45.5	T	in	insert	coils	
–  32	T	hybrid	LTS	(15	T)	and	HTS	(17	T	REBCO)	is	now	in	final	
commissioning	

–  On	a	volumetric	basis	HTS	is	about	10	Hmes	the	cost	of	Nb-Ti	
(90%	of	all	superconductor)	-	$80-120K/liter	versus	~$5K/
liter	

–  Bi-2212	and	Bi-2223	are	compeHHve	at	4	K	with	REBCO	for	
magnets	

•  To	get	into	compeHHve	electrotechnology	markets	
where	Cu	and	Fe	dominate……………	
–  Clever	materials	engineering	is	needed………….	



Thank	You!	
David Larbalestier 

larbalestier@asc.magnet.fsu.edu 

The widespread application of HTS requires clever materials 
engineering and Cambridge is playing a vital role 

Great	thanks	to	the	following	:	
•  32	T	team	led	by	Huub	Weijers	and	Denis	Markiewicz	
•  Platypus	team	led	by	Ulf	Trociewitz	with	Ernesto	Bosque,	David	Hilton,	Youngjae	Kim,	George	Miller	and	Lamar	English	and	PhD	

students	Peng	Chen	(now	GE)	and	Daniel	Davis	and	the	NMR	effort	led	by	Bill	Brey	
•  NI	magnet	design/construcHon	led	by	Seungyong	Hahn,	Tom	Painter,	Ian	Dixon,	Kwanglok	Kim,	Kwangmin	Kim	and	PhD	student	

Kabindra	BhaNarai		and	Kyle	Radcliffe	
•  Conductor	design	and	evaluaHons	led	by	Dima	Abraimov	and	Jan	Jaroszynski	
•  The	2212	conductor	effort	led	by	DCL,	Eric	Hellstrom,	Jianyi	Jiang	and	Fumitake	Kametani	with	PhD	students	Maxime	Matras	(now	

CERN),	Peng	Chen	(now	GE),	Michael	Brown,	Yavuz	Oz	and	Imam	Hossein	
•  The	2223	team	led	by	ScoN	Marshall	
•  The	BSCCo	and	OST	team	led	by	Tengming	Shen	(FNAL,	now	LBL),	Arup	Ghosh	(BNL)	and	Yibing	Huang	(OST)	and	Alex	ONo	at	SMS,	with	

great	recent	2212	powder	development	by	Andrew	Hunt	and	the	nGimat	team	
•  Great	support	from	Greg	Boebinger,	Lucio	Frydman,	Tim	Cross	and	Mark	Bird	

Special	thanks	to	John	Pfotenhauer	(UW),	Ramesh	
Gupta	(BNL),	Judith	Driscoll	(U	Cambridge)	and	

Seung	Hyun	Moon	(SuNAM)	for	material	for	this	talk	


