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Previously, in lecture 4

. . B
1) In the presence of a current, vortices experience a force F=1J_, x—

and vortex motion (flux flow) induces dissipation ¢
Pg = P —B
ff — Fn
B c2

2) At T=0and J<J(B,T) an array of pinning centers may impede
vortex motion (no dissipation)

3) In a wire the subdivision of the superconductor in fine filaments
is required to reduce hysteretic losses m1
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Previously, in lecture 4

4) E-Jrelation for a superconductor in the mixed state at T = 0:
transition from critical state to flux flow

£l

Pg = Pn

J J

B

B

c2

5) Flux motion is thermally activated at T+ 0

In the Anderson-Kim model U=U, (1 -
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Determination of the pinning energy from magnetic

: : k,T
relaxation experiments M(t)=M {1_U—I (t_ﬂ
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The relaxation rate S = — =
M,dInt U,

is inversely proportional to U,

Measuring S as a function of B and T, we have an experimental access
to Uy = Uy (B,T)



Thermal activation and E-J curves

The Anderson-Kim model dependence U =U, [1 — i) holds in the case of strong
0

pinning (extended defects). And the E-J curve has the following expression

E =vB=Bv,exp _utd) = E ocBexp Yo 1—i
k,T k,T J,

Other U(J) dependencies are theoretically predicted and experimentally observed when
the elastic interactions among vortices cannot be neglected

: : S : J
The one that is most often used is the “logarithmic barrier” U = U, In(—oj

J
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Experimental V-I curves

Current [A]

Log(E)-Log(l) scale

Current [A]
The slope is n = Uy/k;T
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The two parameters that define a superconducting wire:

e The critical current I_is defined as the current corresponding to E = 0.1 uV/cm

e The n-value is an indication of the pinning strength, but also of the homogeneity of
the wire. Higher the n-value, better the pinning



Persistent mode operation in a magnet

MRI and NMR magnets operate in persistent mode,
without using a power supply

How does it work?

POWER SUPPLY
\ ﬂ!;g‘ﬂ“;?vh superconducting switch
bl p
. — B
by a
3%

A high n-value (low magnetic relaxation) is necessary to
operate in persistent mode




Persistent mode operation in a magnet

A

B

t

At the operation, the drift of the field is 10 ppb/hour
The field is reduced by half in ~6’000 years !!



Flux jumps and Thermal instabilities

A
In the adiabatic approximation B

AT>0 = AJ <0
f U
AQ>0 <« AE>0

1
Q
QS
g
+
Q

x

The heat generated in ox is

jl x)dt =J.0x5p(x)

The field profile for an infinite slab in parallel field is, for 0 < x < a

B(x):Bext _IUO'lc(a_X)

MKS



Flux jumps and Thermal instabilities -
x) = [1(x)E(x)dt =1,5x5p(x)

B(x)=B,,, — ). (a—x)

It follows

X

5p(x) = [ AB(x)dx = [ g, (a—x)dlx = ,,ONC(C,X_ZJ

0

The heat per unit of volume (averaged on the slab) is

15 17 x* a’
AQ—;!5Q(X)C’X :aiﬂOJch(ax_Z)dx :ﬂOJch?

Let’s suppose a linear decrease of J. with temperature

AT
N =—J
(T.-T,)

MKS



Flux jumps and Thermal instabilities

Let’s suppose a linear decrease of J. with temperature

AT
A =—J,
(Tc —Top )

If AQ,,, is the initial perturbation, the heat balance for the slab is

AT =cAT

L,J2a’
AQ,,, + 3(12 —Top)

Because of the energy stored in the current, the effective specific heat is

Po — AQext =C— ILlO'I:az

har 3(T,-T,,)

C.ss AN become zero = ultimate thermal catastrophe !!



Flux jumps and Thermal instabilities

The stability condition is

u,J2a’
3(72 _Top) -

Ceff :C_

A superconducting wire must be designed in such a way that

U,J2a’
c(1f: —Top) <®

And this demands the subdivision of the superconductor in fine filaments
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Flux jumps and Thermal instabilities

M [emu/g]
m [emu]
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Stability criterion 0~ ¢ <3
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Multifilamentary wires, coupling and twisting

If the interfilament matrix resistivity is The solution is TWISTING !!
too low, filaments are coupled. Again

e Losses when field is varied

* Flux jumps



Multifilamentary wires, coupling and twisting

< | 1 The external field is increased

y ‘ along z at a rate B

X

| n W 1l 26 aEy - aEx — _ﬂ B
- 0
B//z ox Oy
Hima > > For the geometry of the problem E = 0
di 2w Cd E = u,By
Superconductor Normal Superconductor

Once the electric field is known, the current density J, in the normal metal is given by J = E, /p,

The current flowing from one superconducting slab to the other over half the conductor height is

0 /UOBE
| = dy="—"—|ydy =
! !J" s !y FY)

NB The current is defined per unit length in the z-direction, the slab is infinite in z



Multifilamentary wires, coupling and twisting

The current flowing from one

S

y‘ superconducting slab to the other is
X J§! :uoB r®
| A 1 \ 4 26 In - Z
> . > If the two superconducting slabs are fully
v coupled
< d > < ZW > < d >
f f 1,=Jd,
Superconductor Normal Superconductor
2p,J.d,
This occurs for values of ¢ beyond a certain [ c 14 =
1B

If V <</ there is no current sharing with the matrix and filaments are uncoupled

%
The filament twist pitch must be smaller than / . @§



Superconductors History

Temperature [K]
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From superconducting materials...

...to technical superconductors

1. Superconducting ? 10°000

2. T.>4.2K&B_,> 10T ? 100

3. J.>1000A/mm?? ~10



From superconducting materials...

...to technical superconductors

The six steps

Discovery

Improvement of J_ performance
Co-processing with matrix metal
Multifilament form

I.>100A in length > 1 km

@\ A W N R

Thermal and mechanical stabilization



Superconducting elements

Type I

Ti (metals)
Zr

Zn

Al

In

Sn

Hg

vV

Pb

hydrogen helium
2
He
4.0026
horon carbon nitrogen fluorine nean
5 6 7 9 10
, 5 C|N F | Ne
[rsin SC @ ambient pressure s |
v SC @ high pressure Al e A
Mg Al | Si Cl | Ar
24,205 26.982 28.086 25452 30.948
dium titanium wanadiumpfwehremiump| manganese iran cobalt nickel copper zine gallium qermanium bromine kryplon
1 22 23 24 25 26 27 28 29 30 31 32 36
c| i VICr Mn|Fe|Co| Ni[Cu|Zn|Ga Ge Kr
56 47867 50.942 51.996 54.938 55845 586093 63,546 65.39 69.723 7261 83.80
iLim zirconium niobium molybdenum| technetium | ruthenium silver cadmium indium fin xenan
9 40 M 42 43 44 47 48 49 50 54
Zr |Nb|Mo| Tc | Ru Ag|Cd| In | Sn Xe
06 91.224 92.908 95.94 [98] 101.07 107.87 112.41 114 .82 118.71 131.29
ium hafnium tantalum tungsten rhenium osmium gold mereury thallium lead polonium astatine radon
57-70 1 72 73 74 75 76 79 80 81 82 8 85 86
* u|l Hf | Ta| W | Re | Os Au|Hg| Tl | Pb Po| At |Rn
A7 178.49 180.95 183.84 186.21 190.23 196.97 200.58 204.38 207.2 200! [210] [222]
francium radiurm lawrencium [rutherfordiom| — dubnium | seaborgium | bohrium hassium | meitneriom | ununnilium | onununium | onunbiom ununguadium
87 88 89-102 103 104 105 106 107 108 109 110 111 112
Fr|Ra|**| Lr | Rf | Db| Sg | Bh| Hs | Mt |Uun|UuuUub Uuq
[223] [262] [261] [262] [268] [264] [269] [268] [271] [272] [277] [289]
praseodymiur] necdymium | promethium | samarium gadolinium terbium | dysprosium | holmium erbium thulium yherbium
60 61 62 64 65 66 67 68 69 70
*
T.[K] | poH: [T Nd |Pm|{Sm Gd| Tb | Dy |Ho| Er |Tm|Yb
150.36 157.25 158.93 162.50 164.93 167.26 168.93 173.04
actinium plutonium curium berkelium | ealifornium | einsteinium fermium | mendelevium| nobelium
0.39 0.0100 89 94 96 97 98 99 100 101 102
0.55 0.0047 Ac Pu Cm| Bk | Cf | Es|Fm|Md| No
227] 244] [247] [247] [251] [252] [257] [258] [259]
0.85 0.0054
1.18 0.0105
3.41 0.0281

3.72
4.15
5.38
7.19

0.0305
0.0411
0.1403
0.0803

Type IT

fioHey (]

Nb (metals)

0.2%




The cookbook for new superconductors before 1986

from a compilation of superconducting elements,
binary compounds and solid solutions

Matthias’ Rules «
0. Valence number per atom between 2 and 8 —_ Favorable valance numbers: 3, 4.7, 6.9

1. Seek high symmetry Cubic is better

2. Seek peaks in density o;state\
3. Stay away from oxygen M4a) exp ——1
: ph N(E)V,,

4. Stay away from magnetism

BCS, PR 108 (1957) 1175

5. Stay away from insulators

B. Matthias et al., RMP 35 (1963)

Record T_=23.2 K in Nb;Ge

Almost all superconductors discovered
after 1980 do not follow these rules !!

HTS are copper oxides
The undoped parent compounds are antiferromagnetic Mott insulators



Superconducting alloys and intermetallics

e An alloy is a solid solution or mixture in which atoms are
randomly distributed on the lattice sites

e An intermetallic compound contains definite ratios of
atoms that are crystallographically ordered. There is a unit

cell that replicates itself throughout the space to generate
the lattice



Superconducting alloys

. ]
. Ti| VvV | Cr
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Nb ™ 25 s0 5 zr Ng 25 50 75 M

Nb 25 50 75 Ta Np 25 50 75 W



NbTi : the King of the Hill

Type IT Tc[K] | poHey" [T] o
Nb (metals) 9.5 0.2%
NbTi (alloys) 9.8 10.5§ .

Enabling technology for the large
diffusion of MRI (a 4’000 M€ market!)

1200+ tonnes of NbTi in LHC

4o

Billet Extrusion Drawing




a-Ti = hcp
STi — bcc

Nb47wt%Ti : How to get high J_

O Nb-47Ti with round
6000 8Ni/4Cu pins

(Motowidlo ef al.)
Ni/Cu X Nb-47wt%Ti with Nb
APC Nb pins (Heussner of al.
5000 | o gl

APC A Nb-48w%Ti, Very
X Long HT,5T,4.2K
(Chemyi et al. 2001)

O Nb4TWL%TI. 5T,

4000 r A 42K (Lee ef al. 1990)

g

5]
L y=116x+743 o5 O T
& . 0% A Nb-48wt.%Ti, Very
s P Long HT,8T, 42K
a .- (Chernyi et al. 2001)
mo | ‘,"D n Nb—47wt.%Ti, 8 T,
- A 42K (Lee et al. 1990)

Multifilamentary Cu/Nb-Ti ;;-/ " .
Composite SSC Type Strand_ 7~ =5 .
in Transverse Cross-Section :" / kA ng at_ST' 4'2

T Ty AN Uy X%

© SSCNb-47TwL%Ti, 5T,
42K (Lee ef al. 1993)

Critical current density (A/mm?)
g

) = |- Linear (Nb-47wt %Ti,

. e 5T, 42K (Lee et al.
1000 6 " 8T 1990))

I N Linear (Nb-47wt.%Ti,

. 8T, 42K (Lee et al
y = 35x + 580 1990))

0
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Volume of precipitate or APC (%)

FIGURE 11.15: TEM image of the microstructure (transverse cross-section) of the first
3700 A/mm? (5 T, 4.2 K) multifilamentary strand from a US manufacturer (OST). This previously
unpublished image taken on September 5™ 1986, shows the dense array of folded -Ti ribbons
(lighter contrast) that create the strong vortex pinning.

a-Ti precipitates are adjusted to the proper dimensions in order to
pin vortices



Introduction to Nb;Sn

Sn

Nb

Nb,Sn is the prototype of A15 superconductors
B.T. Matthias et al., PR 95 (1954) 1435

B T Ze Vo Nb Ta G Mo
4 4 5 5 5 6 6

Al3 11.8 18.8 0.6

Ga 3 168 203 0.8

In 3 3.9 9.2

TI 3 9

Si 4 17.1 19 1.7

Ge 4 112 232 80 12 18

Sn4 58 09 7.0 180 84

Pb 4 0.8 80 17

As'5 0.2

Sb5 5.8 08 22 07

Bi 5 3.4 4.5

Tc 7 15.0

Re 7 15.0

Ru 8 34 106

Os 8 57 11 47 127

Rh 9 1.0 26 100 03

Ir9 54 1.7 32 66 08 96

Pd 10 0.08

PL10 0.5 3.7 109 04 8.8

Au 11 09 32 115 160

A15 are intermetallic compounds with A;B formula



Nb,Sn : the Superconductor for high fields (today)

20 UM B BN B B B B B B 35 T T T T T T T T .
- . - O  Devantay 1981 ' .
ISE 30 X Orlando 1981 ]
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T.[K] B, [T] Nb,, Sn, , is superconducting also when
Nb,Sn 18.0 30+ deviates from stoichiometry

A. Godeke, SuST 19 (2006) R68
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