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1| 1911 Discovery!

1908 Helium liquified

* 1911 April 8th Discovery of Hg Supercon.

» 1913 10T Pb SC magnet proposal
—Not realized (Critical Field: 0.08T)

S W, )|
© Museum Boerhaave Leiden

Heike Kamerlingh Onnes (1853-1926)

IEEE MILESTONE IN- ELECTRICAL ENGINEERIN(:
~— AND’ COMPUTING >

Dlscovery of Supuconductlvuy 1911

- On'8 Apnl 1911 5in lhlS bu1ld ,Professor Heike: Kamerlmgh i
& Onnes and: his collaborators ‘Cornelis’ Dorsman, “Gerrit, Jan . §
8 Elim; “and Gilles® “Holst, discovered: superconductivity: They
observed.  that: the' 'resxstance ~of's “mercury rapproached #

“practically.zero” as its temperature was lowered. to: 3 kelvin.
Today, superconductivity ‘makes" many electrical  technologies
possible, including ‘Magnetic ‘Resonance Imaging (MRI) /and
high-energy particle accclerators_.

Aprili 2011

< IEEE

0145

ons

010

go7s —d

0,08

0025 :
05

2,00
" s%0 10 470 0

4

4t

http://www.lorentz.leidenuniv.nl/history/cold/cold.html



5 | 1933 Meissner Effect

* Found by Fritz Meissner
and Robert Ochsenfeld

* Perfect Diamagnetism

(a) perfect conductor (b) superconductor _ _
Bzﬂa Fritz Walther Meissner (1882 —-1974
B=0

o

Robert Ochsenfeld (1901-1093)



http://en.wikipedia.org/wiki/Munich

1935 London Penetration Depth

¢ Derived by London Brothers

* Phenomenological Explanation of
Meissner effect

Fritz London (1900-1954)

Out side | Supercondcutor

Magnetic
Field
Heinz London (1907-1970)



7| 1950 GL Theory

* Expand London Theory
* Coherence Length

* Characteristic length of
superconductivity

. h [#DEAH:?Z]E
§ , @ =
2m || m

Lev Davidovich Landau (1908~1968)



Bardeen, Cooper, Schrieffer

BCS Theory

* BCSTheory (195 7)

+ Cooper Pair




> Normal ConductorW

= VI = RI?

(+)




1 Superconductor

Pair interchange kinetic momentum: no loss
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Bardeen, Cooper, Schrieffer

T
P

BCS Theory

* Based on Cooper pair

» Bose-Einstein condensation

* All Cooper pairs have the same momentum

- Energy Gap ﬂl:T . U) — 1764 kEI:: | * Low thermal conductivity

* No heat transfer by cooper pairs

* Second Order Phase Transition * Tends to be high resistivity at normal state

*  Specific Heat Jump at Transition « Large interaction between electron and lattice

T
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12 | Type I Superconductor

Type [ superconductor

E>> )

Positive surface energy
g

Decrease boundary
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1957 Type II Superconductor

* Derived by Abrikosov from GL theory
v 2E<A
* Boundary Surface Energy: Negative
* Mixed State
e Two critical field; H, H,

RN Eqs

Fig.2-4 E 2B EHEDRE[18]
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Mixed State

* Negative Surface Energy
* Maximize NS boundary

* minimum flux

° Cooper Pa1r Vortex
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Type II Superconductor

Coherence Length by Pippard

1 1 1
—_— |
i |
§ & L
where ¢ ~ % ~015 is coherence length of ideal material,

L is electron mean free path

Dirtier Material: shorter coherence length: type II conductor
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Flux Flow

* Field x Current = Lorentz Force
* Flux may move: Flux Flow

* Flux Flow = Electric Field = Loss

N

V = ndvd

Voltage along current direction
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Pinning and Critical Current

* Defect: easier to be normal state

o Create Pinning Potential

* Type of Defects

R S
1K __;|""--_

Point Defects  Dislocation  Grain Boundary

B Pinning Potential

Pinning Force

o W
7 B <,

e
b

Critical Current Density
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Flux Creep, Melting & Flow

* Flux pinning potential: Uo

» Lorentz force potential difference: AU
* Flux Creep (Uo>AU, T: Low)

» Thermal excitation of flux

 Flux move: Logarithmic decay
* Flux Melting (Uo>AU, T: High)

» Higher Temperature

- Larger excitation of flux

o Flux move: Continuous
* Flux Flow (Uo<AU)

» Flux move: Continuous




19 | Artificial Pinning

* To Create Deeper Pinning
Potential

* Artificially insert normal
conducting nano-structure
e Nano Rod

o Nano Particle

Sketch of the dimensionality of several artificial
pinning centers (APCs) with examples of typical
defects for each case. (a) OD-PC, oxygen
vacancies, element substitutions, point defects
(b) 1D-PC such as dislocations and columnar
defects, (c) 2D-PC, like grain boundaries, twin
boundaries or planar defects and (d) 3D-PC,
precipitates, secondary phases or local strain.




Effect and Pinning Effect

-

Stick by Pinning Effect

Enforce flux pinning by pushing
superconductor to magnet rail

\_

Float by
Meissner
Effect

\

J
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Superconductor

* Typel
» Hg 4.153K
» Pb7.163K

* Type 1l
o Nb 9.46K
o NbsSn 18.1K
o MgB> 39K
o YBaxCu3O7 92K

® HgCaBaCu0
160 1 8T

® HgCaBaCuO
140 i (BETF)

TiCaBaCu0 oiugc.aaacw
1001568 ¥ 19932458

i TICaBaCuO |
1988438 |
| BiCaSrCu0 o
g 100 1988% 1 8
YBaCuO @
g = 1087 %28
g [AEEE
e ‘
60
40 |
® LaSCuO

— A1 Nb,Ge @ LaBaCuO
‘Nb-_.S'IV?S' iﬁ—“ aBaCy

ko
- NN o7 N ALGe |
P !
Ho 3&0’ 1985 5
0 . s L 1
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Superconductor Application

for Superconducting RF
Meissner state, high Ha

Pure, Clean, no Defects

for Superconducting Magnets
Mixed State, high He
Strong Pinning Force, high J.
Dirty and lot of Defects
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Item

* Superconductivity

* Superconducting Wire and Cables
» Stability and Quench Protection

* Summary




Alloy
Tc: 9K

Nb-Ti

k ductile /

& \
Cu0O, ——
layer @

CuO, I h '

& layer  Bi-Odouble @ &P
“Cu-O chain layer g

o4 | Superconductors

3

)

; ayer r ,
“ CuO, layer ¢ ‘ CuO,
® R
—=  CuO,
" CuO, *a‘ CuO
layer §1y ; e
. - Bi-O double ..,
Te 92-95K  modowe GO
YBCO &4 co.
&
Tc:39 K MgB, “e

> _ uprate-perovskite v |
| Metallic Compound k BTG Tc:110 K BISCO /




Nb-Ti

Actual Superconductors

Coated conductor. (IBAD, RABITS or ISD)

CeO,

CeO
YBCO YSZ €L,
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NbTi Multi-filamentary Composite
Wire (Strand)

* Fine multi-filament embedded in copper matrix
e Filament Diameter : 100~1 um

> Depending on purpose




27

How to Make Multi-
filamentary Composite _
g _. G-

~ l Multi Billet '
: Hydrostatic

dice
7

Extrusion
/ Hydrostatic
1 O Nb/Bronds(Q Extrusion T \‘
Nb/AI/Cu NEI T_._i
Billet Heat Treatment
/ Twist Drawing
o-TIRND SCuStabiizer W|re Insulatio
d =¥ Rutherford Cable
i RN s

Al stabilized Cable

Cable I

Soldéred Cable



28 | Rutherford Cable

* 10~60 Strand twisted together into flat squad cable

* Eventual Keystone angle




Why such a complicated structure?

Improve Critical Current Density
Pinning Center

Optimize Magnetization Properties
Minimize Diamagnetic Magnetization of Superconductor
Minimize Errors to Magnetic Field (Class 2)
Minimize AC-Loss by Hysteric Loss

Stabilization
Minimize Disturbance
Magneto-Thermal Instability = Flux Jump
Stabilize Against Disturbances

Improve electric conductivity at normal state: less ohmic heating
Improve thermal conductivity: better cooling

Quench Protection
Guarantee safe shut down of magnet
Improve electric conductivity at normal state: less ohmic heating
Increase heat capacity: Less temperature increase
Improve thermal conductivity: better heat distribution




Critical Current Density

b4 T T T ]
Critical Current Density
- 3r Nb3S-n .
l 7
OZ
Pinning Force Al |
e |
- " Nb Ti
.I-I|.l:--—l"|'|:D.JI: _Enlrl: u_1_ |
] 1 ! 1
0 0.2 0.4 0.6 0.8 1.0
ES/BC2

Fig. 12.3. Pinning force per unit volume, as a function of reduced field, for niobium titanium and
niobium tin.
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Introducing Pinning Centers

Drawing Process
Draw
1

Heat Treatment

4
Lattice Defects

250 mm

pIpI-gN

1.6 mm

160 pm

50 uym

10 um

RECRYSTALLIZED,
WROUGHT ALLOY

Monofilament Extrusion

“DIp pUDAIS
m
Il
=
h

Multifilament Extrusion

250 mm
Prestrain
€,23
26 mm Heat Treatments
15 mm I> Intermediate Strain
Ae =1.0-1.25
8.3 mm ~
> Final Strain
€= 4-5
0.81 mm A

FINAL STRAND




Introducing Pinning Centers?

Conductor electric characteristic

Vo]

n-value

Bad n-value
= bad critical current

Filament Damage?

Definition of critical current
Multiple Definition

V(uV)

...« Electric field criterion
—-=- Resistive criterion

1.0p Viem

v -

1(A) f
'1c (Be=0.1 ¢ V/em) Ic(p (=10-13 nem)

Ic(p (=101 1em) IC (Bc=1.0 4 V/em)

Fig.7 Schematic I-V characteristic and two kinds of standard
definition of critical current I.




35 | Critical Surface

¢ Critical Current Density is function of
* Temperature

* Magnetic Field
* NbTi: 3000A/mm? @ 4.2K, 5T

(1) “!"T!!!(:)m (1 ,'T)' (! | (,'—)'”)

" # n! | "
¥ !!!!'!!!!'\!!(!!!)!!!!!!

Lorrrntrre et rrere rernn

100,000 ¢
10,000 §
1,000 ¢

100 §

T [K]/‘ -

3000 A/mm? 10




Critical State Model: Magnetization

By Bean and London
Flat panel model
thickness: a

Magnetization: M

1 =11,1,/2

proportional to a and Jc

fine filament: smaller magnetization

)

T A

onetization

-+

M 4 2. Full Penetration

1. Vergin §
Magnetization 3. Second Shell
v_/ B




35 | Multi-filament composite

* Wire magnetization

* Filament magnetization

%)

—mJ.r, (B,zB,)

g (B, <B,)

where B, =2mJ r, /p

* Magnetization proportional to filament size
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AC-Loss

* Hysteresis loss
* Roughly proportional to saturated magnetization: M,
(o< Moal,)
* Proportional to field change
* Coupling loss
* Roughly proportional to time constant: t
+ For strand t< L 2/o (L,: twist pitch)

* Proportional to field change square

Fig. 8.15. Twisted filamentary composite in changing transverse field showing zig-zag path used
to calculate flux linkages.



Flux Jump

Magneto-thermal instability 1 (TotT) fmn
Observed with -@A _____
Large filament -
High Jc o e
Bad RRR \/ ]

v

Low temperature operation

Flux Penetration

At <At: Stable
At,,,>At;: Unstable=Flux jump

v
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Advanced Conductors

B1-2223

Bi-2212
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Nb;Sn industrial wires

39 > Bronze Route

Diffusion barrier )

-
g W ]
.

—

Small filaments (® <5 um)

Jc limited (~ 1-1.2 KA/mm? @ 12 T,
4.2 K) by the solubility of Sn in Cu
(~15.5 wt %)

OXFORD R

INSTRUMENTS

High Jc Nb;Sn wires for accelerator

magnets

BRUKER |PIT

12/04/2016

A. Ballarino, CERN @
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KOBELCO

KOBE STEEL GROUP

SJASTEL

sSuPrERCcoONDuUCTOR

FURUKAWA
ELECTRIC

Nb3Sn development
CERN world wide collaboration

ROSATOM

NATIONAL NUCL

BOCHVAR INSTITUTE OF
INORGANIC MATERIALS

JSC UNIINM

Iblqsii.mre

40



HTS conductor BISCCO

B12223
Tape Shape
Magnetic Anisotropy
React and Wind
Mechanical Reinforcement

Bi12212
Developed by Japanese Company: improved by USA

Round Wire
Rutherford Cable
Wind and React

under high pressure O>



+» | HTS Conductor YBCO Coated Conductor
Tape Shape:Magnetic Anisotropy React and Wind
Wide superconductor: Big Shielding current against perpendicular field Strong againStloHELit T e
SRR - \ Week against tearing force
T EHE(YBCO)
IBADZEIZL S
LM B \

WHEeT—F




HTS Cables

Cross sections of various HTS high-current Cables

CORC Cable
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Performance of Superconductors

4
10 - Nb-Ti 4.2 K LHC insertion 4T, Maximal I, at 1.9 K for entire LHC NBTi
C -1 quadrupole strand . strand production (CERN-T. Boutboul '07).
{Boutboul etal. 2006) . Reducing the temperature from 4.2 K
- . produces a ~3 T shift in ), for Nb-Ti
—
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Item

* Superconductivity

* Superconducting Wire and Cables

- Stability and Quench Protection

* Summary




Quench 7

Superconductor

Critical Surface
Exceeding critical surface = Quench

L\

Je [A/em™]

NLN
Nb-Ti

£ L 25w

:D%.,—# Paba,S,
Thiol 3*%3&\—%—
) o
/s / /
/Sr; CuO

R

T [K)

Real operation point must have margin
Temperature margin < Heat disturbance

Disturbance : Time and Space distribution
Point Distributed
Transient Joules Joules/m3
Continuous Watts Watts/m?3

Blg Ycugoi-y

MR % AR B O B R (2

Cooling Condition - Direct by coolant or indirect

Quench < Depends on those conditions
Ouench Stabilitv: imoortant research item



Adiabatic

VS
Distributed Disturbance

Transient | / :
Heat capacity i

Q& CAT //
Heat capacity at low temperature "

is very low

3
~

COPPER

VOLUMETRIC SPECIFIC HEAT YC[BJ(JmGK")

Continuous

For adiabatic condition it raise
temperature continuously S NN N e

TEMPERATURE B (K)

ALUMINIUM

Fig.5.3.  Volumetric specific heat of some materials commonly used in magnets. Data for NbTi
are average values based on measurements by J. Corsan, National Physical Laboratory (private
communication) and R. Lagnier and E. Bonjour, CEN Grenoble (private communication). Data

for Nb3Sn is from Grigsby D. L. (US Department of Commerce NTIS Report AD-838469) and _____

remaining data is from Johnson (1961).



Adiabatic vs Point Disturbance

Heat conduction O

- |

B0

Joule heating

Fig. 5.8. A small normal zone created by a point disturbance in a current-carrying wire.

AN :‘\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ SIS
AR

2kA(qQ. - q,)/1=J rAl

2N

\\\ AALASEARNN Y

Current Sharing in Composite Conductor

Minimum Propagating Zone (MPZ)

2kAG, ~ Q) /1= 171,r[J,, T @]/~ DA L 1 |

(a) (b)

Fig. 59. (a) The development of flux flow resistance in a superconductor at current densities
above critical; (b) temperature dependence of power generation in a composite conductor.



With Cooling

Disturbance — Continuous or Transient?

Continuous

Cooling power vs Heat input

Transient

Heat capacity vs Heat Disturbance — Size of
normal zone — Joule heating

Cooling power vs Joule heating (MPZ)




Cooling Condition: Pool Boiling Helium

10

Heat Transfer

Nucleus boiling
Wet surface

3
4
3
E

Critical heat transfer Y “E % 8 E
Sub-cool — some margin to start 5 ; ;‘\?\\
boiling : ! NN - T
Film boiling el & — 5% ]
Dry surface 4
Transition from nucleus boing }
Significantly lower heat transfer ol 1
01 10 10 100

TEMPERATURE B (K)

Fig. 6.3. Heat transfer from a metal surface to liquid helium boiling at 4.2 K under normal
atmospheric pressure (shaded areas indicate spread of results).




Cooling Condition: Super Fluid Cooling

1

fE He I
Heat Transfer e
Kapitsa resistance T ol
Material boundary — Heat resistance E 40 He I (=20 cu
By Phonon Scattering 5 TN
. ] # T -y
Heat Transfer in Helium ", %
Very blg ol | ! | ! I '|\\\
No nucleus boiling = . o mz'o "
Kapitsa resistance dominate heat transfer upto film boiling B 550 gom kU gun DEEKELE [Kobayashi, et
al. 1980}

Saturated vs Pressurized .
Pressurized Super Fluid [Hell,  g137nm

Thiee 200 mm L

. e o %] ME Hell
Bigger critical heat transfer IR | (129 kPa) J
The best condition is 5 = = t o

1.8~1.9K 2w
& -

0.1 MPa T,=19 (K]
‘ 0 [ I Lo ] L

i 0.1 1 10

| mEE T.—T) (K]
Fﬂ 5-55 JIIE He I h&EERME [Van Sciver 1978]
B



Cooling Condition: Supercritical

Forced Flow Cooling

Supercritical

No boundary between liquid and gas

No phase transition

Heat Capacity
Peak at 0.3 MPa, 5~6K

Heat Transfer
Peak around 0.3 MPa, 5~6K

~0.3MPa Operation

Maximum temperature 5~6K

T T
2.3 ATMOS

2]

3.0 ATMOS

5.0 ATMOS

T

VOLUMETRIC SPECIFIC HEAT Y(8) Cp(8) (108Tm3")
o

L L L L L il
5 6 7 8 9 10
3 ATMOS TEMPERATURE © (K)

5 ATMOS

10 ATMOS

HEAT TRANSFER FUNCTION F ()

L 1 I L | &}
3 4 5 6 7 8

TEMPERATURE 6 (K)

Fig. 6.25. Heat transfer function defined by eqn (6.52) (data from McCarty 1972).



Cooling Condition vs

Distributed Disturbance

Perfect stabilization : Stekley

Ph(g-g,)= IJ,r[J,-J.(
it J.(9)= .o (9. - 9)/(a- 0)
_ I°’J°r4 G.A
(l— I)Ph(qc —%) Ph(q -4

):a

q)]/(1- 1)4

// ///// //// /////////////A

.

&\\X\\ \\\\1\\ \\2&\\\\ NN\ —
””” // /// 2 ’//////////////////////////////////////////////

(a) (b)

Fig. 6.1. (a) Cryogenic stabilization; foliowmg a disturbance current shares between copper and
superconductor; ohmic heat generation is transferred to the coolant; (b) if the available cooling
exceeds generation, temperature falls and current returns to the superconductor.

. Stekly parameter




Cooling Condition vs

Semi-Distributed Disturbance .

Madock theorem

Cooling along conductor length

Basic equation

GENERATION GA/P OR COOLING H (kWm%)

4

d d 5 TEMPERATURE 6 (K)
1 k — P l ’ 4 Fig. 6.4. Condition for cryogenic stability with boiling heat transfer (no heat conduction): upper
- q — q dashed line shows maximum generation for stability against small disturbances; lower dashed
dZ dZ 6 generation line is stable against large disturbances.

Equal-Area Theorem

Heat transfer curve vs Joule
heating curve

GENERATION G (8) P/A OR COOLING H () (kWm2)

1 1 1 1 1 Il 1 1
4° 5 6 7 8 9 10 n 12 13
TEMPERATURE © (K)

6.6. Equal-area condition for cryogenic stability of a normal zone with cold superconduct-
regions at either end (drawn for NbTi at 6 T, i.e. 6, = 6.5 K).



~Z)

Cooling Condition vs
Point Disturbance

* Extend Madock Theorem

* Small normal zone !

GENERATION G (8)A/P OR COOLING H (8) (kWm

* Shrink of normal zone o

L L L s L
8 10 12
TEMPERATURE 8 (K)

) LU TS — Fig. 6.28. Application of the equal-area theorem to a short normal zone with reduced maximum
) B Wige . /(/}/ . temperature, showing how the critical generation G, may be increased in short zones.
T e Y
N j AT
* For Real magnet QLR T
agnets AR L= s, .

O SNY =
~A ~ £XXEY=A “Conductor Gess et
i

. 1 s
* 3D anisotorpy | = -

X — P Coolmg By
* Along conductor N o el

L ) Aragaalp sy TP Hig)— axpyaz Gl6)
* Turn to turn s (=2 26 |
L e e — o R e T e o
o 2 [25vs > ABL
ayer to layer +azsx gy (28] oo ;
b > Y=Y, — *%:;—wm

:99?
T Eale-

* Basic equation oo £ 28|

£ 20 Zot+-o2 D)

£(0102)+3(4108)+2at0) 0 5 Eno-ct
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Stability on Cable

* Cable = Multiple Strands

* Inter-strand heat transfer

* Inter-strand current sharing

* Better stability

« with lower inter-strand resistance

* AC-loss will increase

Figure1 Current transfer and thermal conduction between
strands following formation of local normal zone

100 ¢
10 E
= @
E :
e i
O b,
=
1E
0.1 1

0 0.2 0.4 0.6 0.8 1
Overall It / Ic

Figure 9 MAQE vs. I/l.. Lines with open circles denote MQE of
triplex cable against local disturbance, and lines with crosses
denote MQE of single strand. Solid lines denote experimental
results, and broken lines denote numerical results where con-
tact electrical conductance and contact thermal conductance are
1.36 x 10° S/m and 2 W/(Km), respectively. In region A, current
re-distribution is observed in recovery process, and in region
B, it is not observed




57 | Quench and Protection Current | Copper | A,
~710-7
* Quench = Abrupt phase transition to normal 1042
* Current flow in Copper — Still fast temperature rise R=rqllA,
2
* Temperature rise depends: MIITs G=IT.llAg
fon = AH
[ Pat
z‘f,rms.vzch — (CP —CuACu ar Cp—SCASC)lAT
. meax CPCMACM + CpSC ASC dT .
T 7.00E-01
° rCu/ ACM 6.00E-01
* MIITs/I?: time to reach a temperature F e
Cu/NbTi=1, 400 A/mm? =  wwes /

0 100 200 300 400 500 600
R [K]

Rapid detection of quench and shutting down current is needed




Quench Propergation

Quench Propergation

Basic Equation (same as stability)

8[ 8] %,
—| k
Ox X(q)(?x +8y

(9

0

éj
+
y

0z

oqg P

) 2)=¢,2+% 1(g)- 6(g)

oz ot A

One dimensional adiabatic assumption

-

rk

BN

qu _qoz

LOqs

\qs _qo)

{a) g (b)

Fig. 9.3.(a) Temperature profile at the boundary of a normal zone advancing from left to right;
(b) approximation of the generation curve by an abrupt transition.



Quench Stability and Protection Summary

Stability Analysis
Well established
Surface or boundary condition is not clear

Steckley, Madock conditions
Give good stability margin
Lower current density

More aggressive condition was actually used
For HTS; large heat capacity give a huge stability

Quench Protection
Quench detection and current shut down with in MIITs limit
For HTS due to low quench velocity quench detection is issue




Item

Superconductivity
Superconducting Wire and Cables
Stability and Quench Protection

Summary




Who's next

Summary You?
+ SC Conductor and Magnet
. Kamerlingh Onnes Alvin Tollestrup
Developed supplementary Find Superconductivity TEVATRON Magnet
* Reached to NbTi limit —

Higher Field by Nb;Sn (or IBS?)
* FCC world wide development

HTS (High Temperature Superconductor)
- Still very expensive

 Needs special usage
* High Radiation
° High Filed above 20 T

Game Change = New Chance!
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