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Some useful formulas: | S
magn%zic momentof a current loop
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Hard superconductor in varying magnetic field



Superconductors used in magneteat is essential?
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high transport current density



Superconductors used in magneteat is essential?

type Il. superconductor (critical field)

mechanism(s) hindering the change of magnetic field distributio
=> pinning of magnetic flux = hard superconductor

Fo Fo Fo Fo Fo Fo Fo

¢ J

gradient in the flux density HB, = - mi
mly

LIX
pinning of flux quanta

distribution persists in static regime (DC field), but would
require a work to be changed
=> dissipation in dynamic regime



(repulsive) interaction of flux quanta

=> flux line lattice g — Fo
a2

. . o _|F,
summation of microscopic pinning forces a=.—>
+ elasticity of the flux line lattice B
= macroscopic pinning force densky [N/m?]

B=1T,

macroscopic behavior described by the a=45nm

critical state model [Bean 1964]:

local density of electrical current in hard superconductor is
either O in the places that have not experienced any electric field
or it is the critical current densityj., elsewhere

In the simplest version (first approximatigpyconst.



2. Magnetization currents: Flux pinning
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Transport of electrical current
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Transport of electrical current

e.g. the critical current measurement
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Transport of electrical current

AC cycle withl, less thar, : neutral zone
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AC transport in hard superconductor is not dissipaiess (AC loss)

Q= fjudt =- fjdF

neutralzone: F
j=0,E=0 —
i U

check for hysteresis invs. F plot



AC transport loss in hard superconductor
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Hard superconductor in changing magnetic field
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Hard superconductor in changing magnetic field

dissipationbecause of flux pinning

volume loss density Q [JAn g = B.dM

magnetization: M _1 T XJ(X y)dxdy
(2D geometry) Ss



Round wire from hard superconductor in changing magnetic fiel
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Round wire from hard superconductor in changing magnetic fiel

estimationof AC loss aB, >> B,
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(infinite) slab in parallel magnetic fieldanalytical solution

IB penetration field Bp — /73] V_V
© 2
B
M, = j, = =—F
4 2m
W
. 3
= 2B for B,<B,
| Q_1! 3B
J
v nalzBpBa 4 B for BB,
[ 3
Q° 4B.M,



Slab in parallel magnetic fieldanalytical solution
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2. Magnetization currents:
Coupling currents



Two parallel superconducting wires in metallic matrix

B

a

couplingcurrents

>

In the case of a perfect coupling:




Magnetization of two parallel wires
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Magnetization of two parallel wires
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how to reduce the coupling currents ?



Composite wire$ twisted filaments
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Composite wire$ twisted filaments
coupling currents (partially) screen the applied field

B=B,-tB

t - time constant of the magnetic flux diffusion

A.Campbell (1982) Cryogenics 22 3
K. Kwasnitza, S. Clerc (1994) Physica C 233 423

8 K. Kwasnitza, S. Clerc, R. Flukiger, Y. Huang (1999)
2/‘t Cryogenics 39 829

in AC excitation 2 \‘\ / N Shape factor

(~ aspect ratio)
Q_B,, 20wt
V. m 1+wit? Q:Briax C,0 Wl

round wire V n 1+ l/l/zl"2



Possibilities for reduction of magnetization currents



Persstent currents:

at large fields proportional #, ~]. w —

width of superconductor
(perpendicular to the applied
magnetic field)

= magretizationreduction by either lowgg or reducedv

lowering ofj. would mean more superconducting material
required to transport the same current

thus only plausible way is thheduction ofw



effect of the field orientation
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Magnetization loss in strip with aspect ratio 1:1000
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In the case of flat wire or cable the orientation is not a free parame
= reduction of the width

e.g. striation of CC tapes

A
>

~ 6 times lower magnetizatic



striation of CC tapes

but in operation the filaments are connected at magnet terminatiol

Y

|

coupling currents will appear
=> transposition necessary



Coupling currents:

at low frequencies proportional to the time constant of
magnetic flux diffusion

66.2// transposition length

_ élp
f =
Zl’ﬁéﬁ‘"

-0

effective transverse resistivity

= filaments (in single tape) or strands (in a cable)
should be transposed

= low loss requires high intélament or interstrand
resistivity
but good stability needs the opposite



Methods to measure magnetization and AC loss



Different methods necessary to investigate
A Wire (strand, tape)
A Cable

A Magnet

shape of the excitation field (current) pulse
transition unipolar  harmonic

relevant information can
be achieved in harmonic
regime

\/ final testing necessary Iin

actual regime




iIdeal magnetization loss measurement:

|

pick—up voltage

Lock—in
amplifier

Temperature
control & meas.

DC magnetic field
control & meas.

AC magnetic field
control & meas.




pick-up coil wrapped around the sample

iInduced voltageu, (t) in one turn:

df (1) _ SdE(t)
at at

B(t) == & (005 = B0+ /M (0

ed B.; (t) dM(t) g
& dt T dt H

a Un, (t) = -

m(t) = - 5S¢

AreaS

pick-up coll voltage processed by integration
either numerical or by an electronic integrator:

MM () = - = Pl (Dt - By (1)



Method 1: double pickip coil system with an electronic integrator

measuring coil, compensating coll
ext

MM () = - < Py (Ock

l‘i Jdt=>m
int

*
a=p?2
AC loss in one magnetization cycle [J]m V\

T d\l ;QB
Q= fpdM :ﬁB(t)Edt s
0




Harmonic AC excitatiofi use of complex susceptibilities
B, (t) = B, cosut

mM (t) =B, & (c,'cosnut + ¢,"sin nut)

n=1

Temperature dependence:
fundamental component=1

o
AC loss per cycle B2 /\

Wq:_p r—2
7

T

S

energy of magnetic shielding
BZ 1

2/

W

m:C'




Method 2: Lockin amplifier
I phase sensitive analysis of voltage signal spectrurB,,, = B, cosut

In-phase and otdf-phase signals

1 2P _ reference signal necessary to set the
U.s =— fHm (1) sin nutdimt frequency
0 phase
12, taken fromthe current energizing the
U.c =— fHwu (t) cosnutdumt AC field coil
0
lreference
/' UnS

Lock-in amplifief—_,

nC




Method 2: Lockin amplifieri only at harmonic AC excitation

o]

B.,. = B, cosmt

e. - . %)
Uy (t) = SuB, gsinut + 4 n(c,'sinnut - ¢,"cosnut);

e [ n=1

empty coill

fundamental susceptibility

Ui, _Uss
sms U,
C'= - UlC —_ UlC

SuB, U,

ey

sample magnetization

higher harmonic susceptibilities

C " UnS
N=
nU,
C no__ UnC
0=
nU,



Real magnetization loss measurement:

Pick-up coill

Calibration necessary

M = C it

by means of:

measurement on a sample
with known properrties

calibration coill

numerical calculation

é



AC loss can be determined from the balance of energy flows

AC power




Solution 1 detection of power flow to the sample

I

AC power \C power flow>

N~




Solution 2 elimination of parasitic power flows

-

N

AC power 1\ iC power flcﬁ
supply

N




Loss measurement from the side of AC power supply:

Urog B l

coils

sample 'm



