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(Preliminary) Lecture content ﬂ(“.

Lecture 1:
Lecture 2:
Lecture 3:
Lecture 4:
Lecture 5:
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Lecture 11:
Lecture 12:
Lecture 13:
Lecture 14:

SoSe 2021
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Introduction and overview

Superconductor applications

Normal metals and properties of the normal conducting state
Perfect conductor, ideal diamagnetism, Two-Fluid-Model, London theory
Disordered superconductors, Pippard theory, microwave properties
BCS theory

Type-ll superconductors, Current transport

Bean Model, Ginzburg-Landau theory

GL theory, intermediate state

Superconducting Materials for applications

Electrical stabilization and thermal aspects

ac-losses, pinning in HTS

Josephson junctions and SQUIDs

Josephson junctions and SQUIDs

Lecture 12: stability, ac-losses, pinning Institute of Technical Physics (ITEP)



Stability of the sc state in sc wires

- Thermal balance

- Current sharing

- Intrinsic filament stability

- Electric stability with cooling

SoSe 2021 Lecture 12: stability, ac-losses, pinning
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Requirement for thermal stability A\‘(IT
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Macroscopic flux penetration depth

B
X = -
Y jc Y je ﬂO ]C
_ . . Penetration depth change Ax upon temperature rise AT

B_ &, mit Aj, = I
ILlO .]c dT

Energy dissipation due to flux motion AQ

Ax=—

AT,

AQ = const j, B Ax

B
AQ results in a temperature increase AT, (adiabatisch)
r A
r AT, = _AQ
T=T, T=To+AT4 Psi Cst
jc (To) jc (To*+ATy) Thermal stability only if
AT. . 4|3 pg C
2 .1 :>x<Jc1 pSLSLTO
AT Ho
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AT
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Intrinsic stability

Thermal stability only if
AT. .13 pg C
2 o] = ox<j [PPselsq
Ho

t e 1 i AT
— -t Example for NbTi
A
: Jj.=3 -109—2 bei ca. 4T
> r A
R R R Py :6,2-103k—‘%
— e e
B x+Ax | i s
HE B H CSL :0,89
kg K
| r e >or I,=4K
T=To T1=To+AT, X< 76/,[7’}’[
Je (To) je (To*+AT4)
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Stability of the sc state in sc wires

- Thermal balance

- Current sharing

- Intrinsic filament stability

- Electric stability with cooling
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Stabilization by cooling QAAT
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Assumptions:

Ts He-bath
Matrix » Within the normal conducting zone current flows
only through matrix
s duct . ,
HPereondlielor . No contact resistance between SC and matrix
Matrix * No axial heat transfer
» . - « Stationary conditions d/dt=0

* No external heat sources
Area of Joule heating

oT 0 oT
) (D)PV —== 0o+ Qe +—| M) == |4, —a(T)A,(T — T
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Stabilization by cooling

Te He-bath

Matrix

Superconductor

Matrix

>
<

A\ 4

Area of Joule heating

Stekly, Zar, Stable superconducting coils, IEEE Transactions on Nuclear Science, 1965
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Resistive heating within the matrix

I’p, x
QJoule = A—M

M

Heat transfer to cooling bath
Op =y (1) —T3) Ay mit Ay =ty x

No extension of the normal conducting area if

O oue<Qpund T, <T.
Therefore

2
ast: 1 pM . <1
Ay gy X (T(B, jig ) —T)

For stable temperature Qu=Qg

I’ .
ApM =y (T (B, jg ) —Tg) Uy

M
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Stabilization by cooling QAAT
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For stable temperature Qu=Qg

I .
P =yp(T (B, jsp ) —Tp) g
M
Ts He-bath
Example for Example for
Tm Matrix NbTi wire without matrix NbTi wire with matrix
Superconductor 1 =504 bei 5T 1 =504 bei 5T
d=0,25mm doy =0,125mm
Matrix
Py =110 Qcm Pe, =1-10°Qem (4K)
d x »
) g W /4
Area of Joule heating Ay =0,7 cm? K )y =07 cm K
% Evaporation AT = TSL - TB =9200K AT = TSL _TB =0,4K
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Stabilization by bath cooling A\‘(IT
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- Cryostability

q A
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Losses in sc wires due to non stationary conditions

- Filament coupling
- AC-losses (hysteretic losses, eddy current losses)

SoSe 2021 Lecture 12: stability, ac-losses, pinning Institute of Technical Physics (ITEP)



Filament Coupling in Multifilamentary Wires QAT
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1 Current between SC layers
1
matrix material I = J'](x) = dx
AN 2
ol SC filaments 0
from
d
f Eds = _d¢
{ d dt
4 results
v " ; .
4 Uy =—xwB.=j(x)wp,,
y d
and
) xB
Jx)=—-——
Pu
Therefore
B. I’
[=——— 2
2Py

Maximal current at Inax=lc

Imax:[C:jcd z
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Filament Coupling in Multifilamentary Wires
AT
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[.=12py J. i Critical length I,
d B,

z 0 v
S w
g ’ ¥ example for NbTi-conductor
R Sy v d in copper matrix
AV < /
WV i =2.10°-2
P 1) ¢ / S 2
: B d =50 um
X i
. T
3 > B=01~
21 <
Py =4-107""Qm
[=28cm
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Losses in sc wires due to non stationary conditions

- Filament coupling
- AC-losses (hysteretic losses, eddy current losses)
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AC-losses in Superconductors ﬂ("'

Reminder: curent transport in real type Il Superconductors

F.=J x B (, Lorentz force “)
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AC-losses in Superconductors A\‘(I'l'
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Self field hysteresis losses

Assumption:

* Bean Modell (homogenous, +j/-jc, Jc=const)

Hysteresis losses in J/m/period

- 2 !
lipical p-lith {(1_i)1n(1_z-)+i_%i2} -
rectangle lczluo { . . . A = I_O
conductor pP= T (l_l)ln(l_l)+(1+l)ln(1+l)_l J I,

W. T. Norris. Calculation of hysteresis losses in hard superconductors carrying ac: isolated conductors and edges of
thin sheets, J. Phys. D, vol. 3, 489-507, 1970
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AC-losses in Superconductors ﬂ("'
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External field variations — hysteresis losses

4_ |-|o M
Icurrent
sc- B. B
filament — [ sl :
BC1 Bcz
d

thdBajcV
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AC-losses in Superconductors ﬂ("'

External field variations — eddy current losses
Ba
—>
SC- sy Resistive areas
filaments :

/ \
CX eddy- *®

Matrix
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Irreversibility field of HTS

B(T) phase diagram

HoH (T)

type Il | |
nc

Meissner
phase

\

e Nano sized
pinning centres

Flusslinie
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Irreversibility field of HTS roversibility fiods AT

14 T T T T r Karlsruher Institut far Technologie
Bi-2223 TI-1212 Ti-12238 H
12 Q & \ ¢c2 -
YBCO \
YBCO BSCCO-2223 < 1oF e
n 1
AR o \
CuO, [:‘z 1
— CuOo sl '
’ =] {
CuOZ _—_j_° 4+ |
Bi-221 |
2F 1
Cu0,— CuO; o Do
CuO, % o2 o4 b o 1.2
CuO; t=T/Tc
CuO
CuO

Cu02
Cu02

o
d> 28
3D fluxline 2D pancake vortizes Low anisotropy vs. high T,

CuO, -~

Very small coherence length in cuprates (few nm) + &, < &, !

at and below 77K YBCO has highest H;;, !
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Pinning aspects A\‘(IT
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M E

pot

1
Pinning means always the preferred presence of :
flux lines at positions, where their local potential
energy is reduced

 Ep(r)  AE
P o 7

pot

P

E.g. core- pinning:
Flux line pinned by normal conducting precipitates

nS .
/ \ — less Cooper pairs need to be broken
B

_ — reduction of condensation energy penalty at flux line core
Y Maximum pinning force, if J ~ & — nanotechnology

Other ways to pin FL: Magnetic interaction, strain/stress, T. oder k fluctuations,
collective pinning of flux line bundles, intrinsic pinning of layered crystal structure ...
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Native Defects in HTS Films QAAT

Precipitates In-plane

| Twin boundary misoriented c-
grains -
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a-axis
grains

C-axis

-

. .Hfﬁ

- Pgint defect . Threading Out-of-plane  Anti-phase

BB UNIVERSITY OF Stacking fault dislocation Misoriented c-  domain boundary
¥ CAMBRIDGE P : grains

Misfit dislocations

Isotropic: nanodots, strain, disorder, point defect,...

Anisotropic: dislocations (thread., misfit, partial), TB, sGB,
SoSe 2021 Lectu] Strain, SF, APB, buckling, intrinsic, nanopillars,... titute of Technical Physics (ITEP)




Complex pinning landscapes in HTSC ﬂ(".
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Pinning Engineering through incorporation of various defect structures (here Ba,YNbOgs/Ba,YTaOs-

Nanocolumns, Y,05;-Nanoparticles, ) within the superconducting matrix (YBCO)
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— Very complex and variable J. angular dependence in HTSC
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