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Previously, in lecture 9
HTS materials for applications

Copper oxides with highly anisotropic structures, texturing (grain
orientation) is required in technical superconductors

T [K] texture Producec.i by Povnfder-ln-Tube method
¢ Ag matrix material

/ Tape geometry to achieve c-axis texturing
Bi2223 110 c-axis == I. depends on the magnetic field orientation

Produced by Powder-In-Tube method

Ag matrix material

Round wire, spontaneous radial texturing
of the c-axis

Y123 92 biaxial Isotropic properties of I,

c-axis

Bi2212 91 (radial)

\ Coated conductors

Y123 layer deposited on a metallic substrate
Texturing along c and in the ab plane
I. depends on the magnetic field orientation




Previously, in lecture 9

Superconducting magnets, field shapes and winding configurations

Solenoids (NMR, MRI and laboratory magnets)
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Previously, in lecture 9

Notched solenoids and homogeneity along z

2 4 6
HALF CURRENT DENSITY NOTCH Bz — BO 1 + EZ (i) + E4 (i) + E6 (i) +...
| | a a a

32 TESLA SUPERCONDUCTING MAGNET

sixth order E, =E, =0

General guidelines for magnet design | g - B

#5574
D574mm

ZERO CURRENT DENSITY NOTCH

Subdivide the winding into a number of concentric sections to improve the
efficiency of superconductor utilization

All sections take the same current, but each section has its own J, o and 3

Each section operates at the maximum current density allowed by the local field level



Transverse fields: accelerator magnets

Sketch of coils to generate transverse fields

flat 'race track’ coils curved saddle coils



Transverse fields: accelerator magnets

Bending the beam Focusing the beam

Uniform field (dipole) Gradient field (quadrupole)
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Infinite cylinders carrying uniform J

y
Within a cylinder carrying uniform J, the field is
Jr
B= P}

Two cylinders with their centres spaced apart by d
A and carrying uniform J but oppositely directed

MoJ Jd
B, = T[_rl cosf, +r, c0592]= — >

J
B, = 'u%l:rl sing@, —r, sin92:|= 0

B, is uniform over the whole aperture
Perfect dipole field



Multipole magnets

A

It can be demonstrated that:

A cylindrical current sheet, infinite along z,

) - carrying a cosf current distribution generates

a perfect dipole field

Ay

A cylindrical current sheet, infinite along z,

-J
)"'f - carrying a cos2 6 current distribution generates

X a perfect quadrupole field

Ay




Intersecting ellipses carrying uniform J

b y Perfect dipole
B —_ Jdc
v =% b re)
B =0
y Perfect quadrupole
HoJ(b—c)
B =
y btc
c
B - HoJ(b—c) .
X b+c
b
UoJ(b—c)

Uniform gradient g = b
+cC



Real coil configurations for multipole magnets

Approximation for the ideal Approximation for the ideal
dipole current distribution quadrupole current distribution



Harmonic generation in real coils

y y |
+J r
X — A
-J
Uniform current shell = cos@ current + cos30 current
Magnetic field = dipole field + sextupole term



LHC dipoles




LHC quadrupoles




Heat Exchanger Pipe
Beam Pipe ,
Superconducting Coils |
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Toroidal fields

In a 'perfect’ torus the distribution of
current density is perfectly uniform in the ¢
direction

No field in the r- or z-directions
By applying Ampere's law

I B,rdp =B,27xr = y,NI

HoNI
2rzr

@

A practical torus is constructed from a number
of discrete circular coils



Toroidal fields: fusion magnets

Toroidal windings produce fields in which the
magnetic lines of force close up on themselves

It is difficult for charged particles to diffuse in
directions perpendicular to the magnetic field lines

Closed-line configurations provide good confinement
fields for the hot ionized plasmas which are needed to
produce controlled thermonuclear fusion

ITER Reactor



Introduction to Forces and Stresses in a Magnet

Infinite solenoid
thin wall The magnetic field is By = i,Jd
The expression of the magnetic force density (per
unit of volume) is
f=JxB
- ... . By
The average field in the winding is —
B=B, B=0
The (radial) force on a winding volume element is
H— B B B,’
F AF=J—"Av=J-2rAO Az d=——rAB Az
2 2 24,
B.2
=2 As=p_As
2 [y
r . d

p,,(B, =10T) =400 bar




Hoop stress in a ring
A ring carrying a current |l in a field B

The total radial magnetic force on the ring is

X X X X X X X X

" ‘\Il=f'5 F = j‘ dvf=j‘vaxB

loop
=27 RIB

wire



Hoop stress in a ring

A ring carrying a current |l in a field B

The total radial magnetic force on the ring is

F, = I dvf=J‘va><B

loop
=27 RIB

A tension is developed within the ring

. 6 F,
F=F — =2Tsin-=2T—=T0 = T= =RIB
2 2 27
The so-called “hoop stress” on the wireis 6y =——= RJ B

wire

Hoop stress levels above 100 MPa are common, the NHMFL 32 T
magnet operates at 400 MPa



Electromagnetic stresses in a finite solenoid

In a winding adjacent turns will press on each other and develop a radial
stress o, which modifies the hoop stress o,

2b

ot

J 1-v

Considering the solenoid as a continuous uniform medium,
from the Hooke’s law

E du u E u du
2 O, = > +v—| and o0y = —+V—
dr r 1-v

where u is the local displacement in the radial direction,
E is the Young’s modulus andv is the Poisson’s ratio

The condition for equilibrium between radial stress o,, hoop stress o, and
body force BJr is given by the equation

1 2
_d rdu_u=1 VBJ
rdr\ dr ) r? E



Electromagnetic stresses in a finite solenoid
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magnetic lines of force vectors of electromagnetic
force per unit volume ,
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Example: for B,, of the order of 10 T, on the winding o, of >200 MPa (> 2000 bar)



Electromagnetic stresses in an accelerator dipole
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magnetic lines of force vectors of electromagnetic force For B,=6T and (a+b) /2=100 mm

per unit volume

LLELLE
T

F,=200 tons/m

In straight-sided coils such as dipoles
and quadrupoles the conductor is unable
to support the magnetic forces in tension



How to make the dipole able to sustain the stress

Rutherford cable

SC wire



How to make the dipole able to sustain the stress

e Clamping the winding in a solid collar




Magnetic forces in the ITER TF coils
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Wire cabling for the ITER coils




Thermal precompression of the superconductor

All technical superconductors are composite NbTi o |
Mismatch in thermal contraction within the composite
induces a precompression in the SC Nb,Sn &
% &m o4 *
_ /."
Bi2223
650°C 4.2 K

Bi2212

When the SC is cooled at the operating temperature,
its crystal structure deforms and this induces changes

YBCO
on T, B, (and thus on J ) 9\




Strain-induced changes in the critical current
Effects of the longitudinal strain

The applied force reduces the effects of the
thermal precompression and the critical
current increases up to a maximum

>

The applied force induces breakages
within the filaments and the critical
current is irreversibly degraded

critical current

: >
m &, applied strain



Strain-induced changes in the critical current
Effects of the longitudinal strain

"E REVERSIBLE REGION IRREVERSIBLE REGION
g I. recovers after force unload I, does not recover after force unload
>
o
—
S
= Technology Ae= g,-&,,[%]
S
S
Bronze Route 0.4-0.6
Internal Sn 0.05-0.2
Powder-in-
Tube 0.15-0.3

S, applied strain



Wire cabling for the ITER coils

Reversible variation of I under strain matters

Because of the thermal
precompression, wires in a CICC
experience an effective axial
compressive strain ranging
between -0.6% and -0.8%

CICC = Cable-In-Conduit Conductor

The performance of the
superconductor is limited to ~40% of
the maximum achievable current

normalized /
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Reversible strain effects
Why superconducting properties depend on strain

Under strain the crystal structure

deforms and this induces change both 10
in the phonon spectrum and the
electronic bands and thus on T_and B, NbsGe 5
Nb Al
Nb4Sn
(Ti, Hf, Ga) v
Nb ° & 7 Nbgsn
? °Sn : ‘.9 = \ ¢ MOI Correlation for (Ta, H) VaGa
9 lfg ‘ |.E ‘ binary Nb,Sn
' g a— A—ol (data not shown) _Ff
&‘i‘.‘%—o _U_T_ O § *Tr %* 9 i VSSIf
S a3 1 9 ’ 1 NbaSn
°l../o i = .::’:]’ 42K 0¢ Nba(ST; HI, Ga)
(a) N ° (b) (Ta, H)
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Intrinsic strain, e, (%)



Reversible strain effects in Nb;Sn wires
HYDROSTATIC

f Change of the cell volume

Precompression induced by
cooling to low temperature
has two components

Cuicshopd s o
3 Change of the cell shape




Reversible strain effects in Nb;Sn wires: lattice parameters
Bronze route wire: Nb;Sn lattice parameters vs uniaxial strain @ 4.2 K

5.295 |
5.290 |

5.285 |

5.280

lattice parameter [A]

5.260
75 01 02

ZERO APPLIED STRAIN
Nb,Sn is precompressed
Hydrostatic+Deviatoric

03 ¥4 05 06 07 08
applied strain [%]

CROSSING POINT
Cubic cell recovered

Hydrostatic component still

present

XRD experiments @ ESRF Grenoble

C. Scheuerlein et al., IEEE TAS 19 (2009) 2653
L. Muzzi et al., SUST 25 (2012) 054006

HIGH APPLIED STRAIN
Again Hydrostatic+Deviatoric




Lattice parameters and I_ under axial strain

critical current [A]

lattice parameter [A]
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The maximum of the critical
current occurs when the cubic cell
is restored
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