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Introduction on HTS



초전도체, Superconductor, 超電導體, 超傳導體

 전기저항이영(zero)이되어, 손실없이전류를흘릴수있는물질 (DC)

 전류밀도는구리의 10,000배이상전력기기의소형화, 경량화

 응용
초전도케이블, 변압기등전력기기
초전도모터 / 발전기
 MRI / NMR 등의초전도전자석
에너지저장장치(SMES)

한류기



초전도상태

 임계온도 이하; TC

 임계자장 이하; HC

 임계전류 이하; JC

일정한 외부자기장 하에서
온도가 올라가면 임계전류 감소

일정한 통전전류 하에서
온도가 올라가면 임계자장 감소

일정한 온도 하에서
외부자장이 증가하면 임계전류 감소



S. C. Collins, 2년반동안유지 ~10-23 m
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초전도체, Superconductor, 超電導體, 超傳導體

 저항이얼마나작은가?

 일반적인 4-단자법으로는측정분해능이하

 원형도체에서저항에의해전류가감소하는것을측정

 < 10-23 m



초전도체의발견

 낮은 온도에서 금속의 저항은?

 끓는 점이 낮은 물질의 액화가 필요; 헬륨 1908

 순도가 매우 높은 시료 제작이 가능한 수은 ⇒ 초전도 현상 (1911)

Door meten tot weten (‘Through measurement to knowledge’)



초전도원소



여러가지초전도체
 단원소금속 (25종이상)

Hg(4.2), Pb(7.2), Sn(3.7), V(5.4), Nb(9.3), Ta(4.5), In(3.4), Al(1.2), …

 합금 / 금속간화합물 (수천종)

NbTi(9.2), Nb3Sn(18.3), Nb3Ge(23.2)

 Heavy Fermions (30여종) ; Unconventional(non s-wave)

CeCu2Si2(0.7 K, 1978, F. Steglich), CeCoIn5(2.3 K), UPt3(0.48), URu2Si2(1.3)



• NbTi is the standard ‘work horse’ 

of the superconducting magnet 

business 

• It is a ductile alloy

• Niobium tin (Nb3Sn) has a much 

higher performance in terms of 

critical current field and 

temperature than NbTi

• But it is brittle intermetallic 

compound with poor mechanical 

properties

Two workhorses of S.C. business



고온초전도체
 고온(산화물) 초전도체

• La2-xBaxCuO4 (~35K), J.G. Bednortz and K.A. Muller, 1986

• 합금이나금속간화합물이아닌산화물(세라믹)

• 초전도를나타내는 CuO 평면과전하공급역할을하는층; 이방성

• CuO평면의수에따라임계온도증가



고온초전도체의장단점

 높은임계온도로냉각에유리

 냉매를이용한냉각; 증발열 LHe 21 J/g, LN2 199 J/g

 냉매의가격

 질소는대기의 ~80%, 헬륨은우주에서두번째로많은원소 (24% mass),

 그러나지구에서는… (5 ppmv in air, cf. CO2~390 ppmv)

 냉동기를이용한냉각도유리

 그러나세라믹이라기계적성질취약, Grain Boundary 특성에크게좌우됨

CH

C
Carnot

TT

T


 1.4%(4.2 K), 34.5%(77 K)



LN2

- 1/100 price of LHe

- 20 times higher cooling power than Lhe

- Possibilities of large scale applications

like cable, fault current limiter, motor,

generator, MagLev, etc.





Timeline of Superconductivity from 1900 to 2015

https://en.wikipedia.org/wiki/Superconductivity

2G

1G



Paradigm change in Electrical Power Industry 

In electrical power industry,

Cu wire vs. HTS 2G wire 

In communication(or IT) industry,

Cu wire vs. Optical fiber 



• (La,Sr)2CuO4 (40 K), 1987

• YBa2Cu3O7-δ (92 K), REBa2Cu3O7-δ 

(90-96 K), 1987, TC > 77 K!

• Bi-Sr-Ca-Cu-O system (Bi-2212 (85 K), 

Bi-2223 (110 K)), 1988

• Tl-Ca-Ba-Cu-O system (Ti-2223: 125 K), 

1988

• Hg-Ca-Ba-Cu-O system (Hg-2223, 135 

K), 1994

Oxide High Temperature Superconductors

(a) CaTiO3 , (b) (La,Sr)2CuO4 ,

(c) (Nd,Ce)2CuO4 ,

(d) YBa2Cu3O7-d ,

(e) Bi2Sr2CaCu2O8 ,

(f) Tl2Ba2Ca2Cu3O10 , and

(g) TlBa2Ca2Cu3O9 .









Why texture matters? (Schematics of the HTS microstructure)

• Differently oriented single crystal grains 

are separated by regions filled with 

secondary phases. In addition, oxygen 

depletion may occur at grain boundaries.

 Different Basic GB  geometries 

and Jc reduction Jc ~ e-a/ a0          

a : misalignment angle )

a0 ~ 5o, for A) and B), 

a0 ~ 3o, for  C).



Jc vs (001) tilt GB angle (YBCO)

YBCO :

4.2 K normalized

(by Manhart et. Al.)

Squares & filled diamonds :  STO.

Circles : YSZ.

Open diamonds : Bi-epitaxial jtns.  Misorientation of the d-

wave order parameter : 

partial cancellation of the 

supercurrents.

Ic

p facet



HTS
PLD MOD MOCVD

RCE

Textured

Template

Ni(-W) Alloy

(RABiTS)

SS, Hastelloy 
C-276…

(IBAD MgO…)

Electro-polishing, deposition 

Buffer
(Ion-beam)

Sputtering

E-Beam

CeOx

PLD

(SRO, GZO..)

MOD

(Chemical)

Various routes reach at HTS 2G wire



HTS 2G Wire : RABiTSTM vs. IBAD

RABiTSTM IBAD

HTSHTS

AgAg

Stainless steel,

Hastelloy C276,

etc. (polycrystal)

Biaxially textured

metal tape

(Ni-alloy, FCC)

Oxide buffer

Buffer

IBAD

Amorphous

RABiTS

(Rolling Assisted Biaxially

Textured Substrate)

(Ion Beam Assisted

Deposition)



Coated Conductor (2nd G. Wire)

 Superconductor, the main ingredient

 Metal substrate, which gives mechanical strength & flexibility
 Needs good crystallinity for higher current conduction 
 Lattice constant mismatch should be small
 Metal diffusion at high processing temperature should be avoided
 Current should by by-passed at quench (breakdown of superconductivity)

Not to scale

: Ba : 

O

: Gd : Cu

CuO chain

BaO layer

CuO2 plane

(conduction plane)

Y or Gd

BaO layer

CuO chain

CuO2 plane

(conduction plane)





Applications & markets using HTS 

2G Wire (Coated Conductor).



 Can carry “extremely large current without loss”.

 Can generated “extremely large magnetic field”.

 High energy efficiency with compact volume & mass. 
Current carry

HTS 2G Wire

NMR

MRI
Crystal growth

Magnetic seperator

Motor

MagLev

FCL
Motor & GeneratorTransformer

Cable

Fusion

Switcing

(resistive type)

Wind 

Generator

Applications of Superconductivity
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1st Commercial Transmission class SFCL x2 by AMAT …

FCL Rating 

System Voltage, Vs 115 kV

Maximum Load Current, IL 550 A

Prospective Fault Current, Ip 5 kA

Limited Fault Current, Ilim 2.5 kA

Current Reduction 50 %

Shunt Reactor Impedance 15 Ω

Voltage Drop Across FC 37.5 kV

BIL 550 kV

AC withstand Voltage 230 kV

RIV at 73 kV < 1200 μV

Ref. JOINT TNC CIGRE & IEEE PES SEMINAR ON Understanding Superconducting Fault Current Limiters : Design and Application at PEA BKK, Sep. 29, 2015

115 KV SFCL - 2 identical units

.

Albert Nelson, "Fault Current Limiters - Unlocking Capacity in Fault Constrained Electrical Networks", Webinar broadcast via on24.com, July 11, 2017

* 40 ~ 90 km of CC are needed for 1 unit. 



World 1st fully commercialized HTS power cable installation

R&D in advance  ▶ Pilot demonstration  ▶ Commercialization

 Project period: Sep., ~ 2019

 System configuration: AC23kV 50MVA, 1km-cct + 7.5kW @69K Turbo Brayton Cooling system

 Project cost: USD10M

 Type test in progress

Installation SiteSystem configuration

 Low voltage connection (154 kV  23 

kV)

 Removal of 2 transformer on each side 

of power station

Type test in 

(Director General 

Dr. Y. J. Won)

• ~ 150 km of CC are needed for 1 km, 23 kV/50 MVA cable. 

• ~ 600 km of CC are needed for 1 km, 154 kV/1 GVA cable. 





Merits of RCE(Reactive Co-Evaporation)

 Throughput : Important for availability & cost!!

 RCE-DR : ~ 100 nm/sec or faster (SuNAM)

 RCE-DR : easy to scale-uo to wide strip.

 3 Companies(SuNAM, Theva, STI) use RCE process !!

Wide web 

process ! Depend on Process
(liquid flux)



SuNAM’s high rate e-beam process 

with oxide epitaxy (RCE-DR). 



Difficulties of complex oxide epitaxy

Pseudo Phase Diagram of YBaCuO

- Y + 2Ba + 3Cu + 6O = YBa2Cu3Oy + …

- Requirements : DG0 < 0.

- All the phases have low vapor pressures

Will always get a mixture of phases.

(Amount of second phases will depend 

on composition)

Importance of 

1. Rate control of each compositions with high rates.

2. Spatial uniformity (beam profiles : cosn(q)).

(Bob Hammond, Vlad Matias)



Scale up Issues: IBAD & in-Situ High Rate E-Beam

Robert H. Hammond (Stanford Univ.)

 New Ideas, Directions?

 High rate, large area, high IC and low cost of 

materials processes will eventually be required –

not immediately but in 10 years.

 High rate may require growth in liquid flux.

Cost Example



RCE process

 Reactive Co-Evaporation (RCE) :

 Using inherently least expensive sources

 High deposition rate can be used & adjustable composition

 Especially easy to scalable to large deposition area

 Very promising methods for HTS wafer production : Theva, STI

(Y, Gd, Sm) Ba Cu

RCE-CDR 
process

RCE

SuNAM develops RCE-DR  process.

Conventional e-beam
web coater can produce
> 1 M km/year of 
4 mm width tape.



Conventional RCE-CDR process

 RCE-CDR : Reactive Co-

Evaporation by Cyclic Deposition 

& Reaction (EDDC(KAIST/ KERI, 

batch) & LANL/STI, 

R2R(planned))

 CDR : Co-evaporation at low O2

pressure followed by reaction in 

high PO2 in cyclic manner.

 Pulsed deposition : low average 

growth rate.

 High speed(> 100 rpm), high 

temperature(> 800 oC) 

mechanically rotated drum  is 

required : complexity, cost, difficult 

to scale up

KAIST/

KERI

LANL/

STI

Massive(> 100’s of

kg on scale-up)

http://www.keri.re.kr/index.html
http://www.keri.re.kr/index.html


New SuNAM RCE-DR process

 RCE-DR : Reactive Co-Evaporation 

by Deposition & Reaction (SuNAM, 

R2R) : Patent pending(PCT)

 High rate co-evaporation at low 

temperature & pressure to the target 

thickness(> 1 mm) at once in 

deposition zone (6 ~ 10nm/s)

 Fast (<< 30 sec. ) conversion from 

amorphous glassy phase to 

superconducting phase at high 

temperature and oxygen pressure in 

reaction zone

 Simple, higher deposition rate & area, 

low system cost

 Easy to scale up :single path

SuNAM
DR path
(single 
time)

Conventional 
CDR path
(repeat more
than >>1,000 

times)



SuNAM
DR path

(single time)

Conventional 
CDR path

(repeat more
than >>1,000 times)

MOCVD

PLD

Sputtering

MOD

(BaF2 is very

Important for

High Jc)
MBE

Comparison of various deposition methods



 Understanding of phase diagram at low PO2

 Liquid phase is very important

RCE – DR Process : Phase Diagram



RCE – DR Results : XRD q-2q

 The same batch, PO2 increases.



 The same batch, PO2 increases.

RCE – DR Results : XRD f-scan (103)



R-T & XRD for optimized tape by RCE – DR



500 nm

Gd

Ba

Cu

O

Cu

Cu

Cu

CuGd

Ba

Cu

O

O

Cu
Cu

Gd

BaO

O

L

Gd2O3

GdBCO

Gd2O3

Cu-O

• Very low PO2 zone (~ 10-5 Torr):  Amorphous Film

• Lower PO2 zone (~30 mTorr): Gd2O3 + Liquid (< 5 sec)

• Higher PO2 zone (~100 mTorr): GdBCO Film (< 20 sec)

GdBCO growth mechanism: a seeded melt-textured growth!!!

Growth mechanism of the GdBCO film by RCE-DR

44Seoul National University
Department of Material Science & Engineering



Production Facilities

 Site area : 5,500 m2,  

Building area : 1,750 m2, 

Gross floor area : 3,050 m2.

 Class < 10,000 clean 

room area : 1,000 m2 .

 Production capacity ~ 60 km/month(4 mm width) considering the yield(~ 70 %)



Structure

- Typical Ic ~ > 700A/12mmW at 77K Self-field (Jc ~ >5 MA/cm2)



HTS 2G wire performances (daily production )
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Length 

(m)
IC IC,max IC,min 1 sigma

739 820 857 761 1.7

Length 

(m)
IC IC,max IC,min 1 sigma

700 800 865 615 3.4

Length 

(m)
IC IC,max IC,min 1 sigma

682 801 860 654 3.2

Length 

(m)
IC IC,max IC,min 1 sigma

734 810 856 713 2.2

Length 

(m)
IC IC,max IC,min 1 sigma

728 820 866 729 2.4

Length 

(m)
IC IC,max IC,min 1 sigma

710 804 859 716 2.5

Length 

(m)
IC IC,max IC,min 1 sigma

718 800 869 707 3.6

Length 

(m)
IC IC,max IC,min 1 sigma

743 803 840 651 1.8

Length 

(m)
IC IC,max IC,min 1 sigma

743 813 847 768 1.6

( ~ 6 hrs deposition time (120 m/hr))



RCE-DR Results on Stainless Steel Substrate

 Min Ic (A/cm-width) x L (m) > 0.6 Million A-m

 Production speed of 120 m/hr (12 mm width) 

( 1 km for  ~ 8 hrs)

Particle IBAD defects

Composition



<QCM Feedback program>

<RHEED spot Feedback program>

Control computer

 An appropriate feedback algorithm can keep the shape of the RHEED spot in the 

specific range, while QCM monitoring to adjust the e-gun power.

Before optimization After optimization 

Quality Control : RHEED Vision System
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Feedback route based on RHEED spot analysis

(110) spot

 Because of different evolution of Df & DR, 

optimization is very important for high quality 2G 

wire.

 Intensity & tilt angle of MgO (110) spot is one of the 

most important parameter. 



Quality Control : RCE Vision Inspection System

Based on color dependence 
of composition DB, optimum 
composition level is 
automatically controlled by 
PC. (Slow feedback) 



[Start] [End]

Start color

End color

 RCE Vision System will be introduced for increasing the uniformity of composition in 

RCE-DR process. The control computer takes (RGB) values in three-dimensional 

vector space which is transformed from the color of the tape surface.

Control 

the power

Color detection

Is the (RGB) vector

in the range?

Yes

No

Quality Control : RCE Vision Inspection System

(Composition DB)



Before combining  After combining
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 4 mm-width Center : 234 A

 4 mm-width Left      : 235 A

 4 mm-width Right    : 240 A
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Cutting side

After bending

System for Al2O3 barrier & Y2O3 seed System for IBAD, homo-epi & buffer

Combining Barrier, Seed, IBAD, Buffer Systems in One

For standard process,

Stainless steel ~ 100 mm thick

Hastelloy ~ 60 mm thick
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Optimizated 2G wire performance with 1.6 mm thickness
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(2009.8)

1065mx282A

(2008.10)

500mx300A
(2006.7)

100mx253A

(2010.10)
540mx466A

(2011.2)
816mx572A

(2014.03)
978mx579A

(2013.12)
860mx600A

2017 Goal

(2014.02)

270mx370A
(2016 Target)
500mx400A

(2015.03)
998mx625A

US Strategy

Japanese Strategy

(2009.9)
170mx645A

(2008.8)
40mx600A

(2009.10)
15mx700A

(2010.10)
100mx700A

(2007.10)
790mx190A

임계전류향상

http://terms.naver.com/entry.nhn?docId=1002827&cid=768&categoryId=1848
http://terms.naver.com/entry.nhn?docId=1002827&cid=768&categoryId=1848


(2016.5.) 

Courtesy: Yuh Shiohara



Some application examples of 

coil/magnet 



HTS magnet for 10kW generator

http://www.keri.re.kr/index.html
http://www.keri.re.kr/index.html


HTS magnet for LSM



< Linear synchronous motor >

(small coil)

 Smooth but powerful movement

 No voltage fluctuation or field decay

M
a

g
n

e
tic

 F
ie

ld
 [T

]

Field profile at AC copper coil on track

17 cm

133 cm

78 cm

Ref.) C.-B Park et al, “Development of a Small-Scale Superconducting LSM…,” IEEE Trans. Energy Conversion

2 Poles and 3 double pancake coils per pole

Peak field on the rail : > 1 Tesla (65 mm apart from magnet bottom)

Racetrack Coil for Motor Application



26.4 T all HTS 2G one-body(non-nested) magnet



 Multi-width Double Pancake Coils

 Stacked Double 

Pancake Coils
 Fully assembled

No-insulation, multi-width, and compact !

4.1mmW            5.1mmW          6.1mmW            7.1mmW               8.1mmW

3
2
7
 m

m

O.D. 172mm

I.D. 35mm
Immersed in liquid Helium

26.4 T all 2G wire one-body(non-nested) magnet

(Designed by S. Hahn (MIT NHMFL/FSU)

https://nationalmaglab.org/
https://nationalmaglab.org/
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World 1st All HTS Commercial Magnet for Axion Detection

: Delivered to

Confidential



 We fabricated the large-sized two HTS 
magnets for induction furnace in the world.

 The HTS magnet size: length 1.25m X 
height 0.62 m

(12 mm SuNAM wires, SS tape cowinding)

Commercial proto-type DC Induction Heater (All HTS Coil)

Confidential



1,500 A Charging Charcteristics

400 mH HTS DC Reactor : Applying 1500 A & Cryogen Free

Assemble Process of conduction cooled 30 toroidal coils for 400 mH reactor 

http://www.keri.re.kr/index.html
http://www.keri.re.kr/index.html


400 MHz conduction cooled NMR  : Magnet Design

< Field profile of NMR magnet design >

 No-Insulation with Metal cladding HTS tape 

enclosed as STS with 1 mm thick

 Multi-width winding for high Iop

 Inside notch design for homogenous field



400 MHz conduction cooled NMR : Magnet Assemble

400 MHz NMR Magnet Assemble

Ferro-Shimming Technique
Before 
shim

With O

With 
O+M

With 
O+M+I

H
T
S
 M

a
g
n
e
t

C
u
rr

e
n
t

Le
a
d
s

Metal current lead HTS current lead C
o
n
d
u
c
tio

n
 C

o
o
lin

g

DPC Winding Magnet Stacking < Final Assemble >



400 MHz conduction cooled NMR : 1H NMR Signal

 Future works

 Faster charging rate

 Investigation of field profile

 Shimming



 SuNAM has been producing high IC coated conductors consistently.

 Introduction of in-line Q.C. measures enhanced wire uniformity & 

production yield.

 With thicker(1.3 mm  1.6 mm) S.C. layer, we achieved >1,000 A/12 mm 

in production.

 We have made different kinds of NI(including MCI) magnet for various 

applications.

Summary



Price Reduction in RCE DR process

100

25
10

(Unit: USD / kAm)

12 mm 120 mm 360 mmWidth :

Capacity : 1,000 km/y 15,000 km/y 75,000 km/y

Achievable with 
Existing Line of 

SuNAM

“Increasing Demand for HTS 

2G wire has surpassed the 

supply”

“For market entrance $ 50 / 

kAm is the threshold ”

“Price Reduction will ignite 

an exponential growth of 

demand for HTS 2G wire”

“High throughput, low 

material cost, High yield is 3 

Critical Success Factor”

Direction of Technology Development in the Future

- HTS 2G wire



Direction of Technology Development in the Future

- HTS Magnet
 For NMR magnet, near term(2017), 400 MHz cryogen free system with shimming.        

 will go to > 1.3 GHz proto-type. 

 For R&D magnet, next goal is 35 T, 35 mm user magnet (2019 KBSI-MagLab-SuNAM). 
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