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Previously, in lecture 10

Superconducting magnets, field shapes and winding configurations

Transverse fields (particle accelerators)

Uniform field (dipole)
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Harmonic generation in real coils
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Magnetic field              =

cos current 

dipole field

+ cos3 current            + …

+ sextupole term          + …
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Previously, in lecture 10

Superconducting magnets, field shapes and winding configurations

Transverse fields (particle accelerators)
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(b) Gradient field (quadrupole)
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Real quadrupole 
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Previously, in lecture 10

Mechanical stresses on a SC wire in a magnet

magnetic lines of force vectors of electromagnetic 
force per unit volume

Magnetic forces within the 
magnet windings

In a winding adjacent turns will press on each other and develop a radial 
stress r which modifies the hoop stress 
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Mismatch in thermal contraction within the composite 
induces a precompression in the SC

650°C 4.2 K

m

When the SC is cooled at the operating temperature,
its crystal structure deforms and this induces changes
on Tc , Bc2 (and thus on Jc)

MgB2

NbTi

Nb3Sn

All technical superconductors are composite

Bi2223

Bi2212

YBCO

Previously, in lecture 10
Mechanical stresses on a SC wire in a magnet



m irr applied strain
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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

0

Effects of the longitudinal strain

Strain-induced changes in the critical current
Previously, in lecture 10

IRREVERSIBLE REGION
Ic does not recover after force unload

REVERSIBLE REGION
Ic recovers after force unload
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CROSSING POINT
Cubic cell recovered
Hydrostatic component still 
present

HIGH APPLIED STRAIN 
Again Hydrostatic+Deviatoric

ZERO APPLIED STRAIN
Nb3Sn is precompressed
Hydrostatic+Deviatoric

MAXIMUM OF Ic

The maximum of the critical 
current occurs when the cubic cell 
is restored

Strain effects in Nb3Sn wires: lattice parameters and Ic
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How to measure Ic vs. axial strain 
The WASP (Walters Spring) probe

Ti-6Al-4V

Cu

B. Seeber et al., Rev. Sci. Instr. 76 (2005) 093901 

Motor @ room temperature

Max current 1000 A

Sample length 1.1 meter

Voltage taps distance 126 mm

Electrical field criterion 0.01 μV/cm

Strain (ε) up to ± 1.2 %



Irreversible strain limit in Nb3Sn wires

Technology  = m-irr [%]

Bronze Route 0.4 – 0.6

Internal Sn 0.05 – 0.2

Powder-In-
Tube

0.15 – 0.3
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Industrial fabrication of Nb3Sn wires
Three technologies have been developed at industrial scale

• Bronze route

• Internal Sn diffusion

• Powder in tube

Sn source = CuSn bronze

Sn source = Sn rod

Sn source = NbSn2 powders

Technology Filament size non-Cu Jc(12T,4.2K)

Bronze Route 1-5 μm 750 A/mm2

Internal Sn 20-100 μm 3’200 A/mm2

Powder-In-Tube 20-100 μm 2’700 A/mm2

Fine filaments  low hysteretic losses

Low Sn content  columnar grains, low Jc

Bronze matrix  high mechanical strength

High Sn content + Fine grains  very high Jc

Large filaments  high hysteretic losses

Fine grain region  high Jc
Large grain region  very low Jc

Large filaments  high hysteretic losses



From Ic vs. strain to Ic vs. stress

Bronze Route wire
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Bronze Route, Internal Sn and PIT
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Ic vs. axial strain

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

50

100

150

200

250

300

350

400

450

E
0
=125 GPa

R
p0.2

=218 MPa

@ 4.2K

 

 

st
re

ss
 [

M
P

a]
 strain [%]

Internal Sn

Bronze E
0
=101 GPa

R
p0.2

=194 MPa

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

50

100

150

200

250

300

350

400

450

E
0
=111 GPa

R
p0.2

=115 MPa

E
0
=101 GPa

R
p0.2

=194 MPa

E
0
=125 GPa

R
p0.2

=218 MPa

@ 4.2K

 

 

st
re

ss
 [

M
P

a]
 strain [%]

PIT

Internal Sn

Bronze

Technology irr

Bronze Route 330 MPa

Internal Sn 210 MPa

Powder-In-Tube 150 MPa
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Ic vs. axial stress
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Microtomography and Analysis of Voids

Bronze wire

Virtual longitudinal cut

Experiments performed @ ESRF - Grenoble



3D view of voids

Microtomography: Visualize the Voids

Bronze wire

2D view of voids



Void morphology and irreversible limit

Bronze wire

irr = 330 MPa

irr = 210 MPa

irr = 120 MPa

PIT

Internal Sn



Superconducting wire

Superconducting magnet

From the wire to the magnet 

Superconducting wire

Reinforcing elements and structure

Insulation and filling materials

(Coolant)

Superconductor

Matrix metal

Non-matrix metal



Cooling methods for superconducting magnets 

The winding pack is dense, with no cryogen 
penetration, resulting in overall current densities in 
the winding significantly greater than those of 
bath-cooled cryostable magnets

Cable-In-conduit, as for the ITER magnet Dense winding, as for the accelerator magnets



Stability criteria for superconducting magnets

2

       

 initial cooling

Joule Heating Thermal disturbance Direct heat transfer to cryogenThermal Inertia Conduction
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The power density equation governing the temperature of a superconductor unit 
volume is 

In an adiabatic magnet the last term can be neglected and the stability 
condition is defined by 

2

  

 0initial

Joule Heating Thermal disturbance
Conduction

T
J p

x x
 

  
   

  



Stability criteria for superconducting magnets

2

  
 

 initial

Joule Heating Thermal disturbance
Thermal Inertia Conduction
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Because of the low specific heat at 
low temperatures, a high thermal 
conductivity of the superconducting 
composite is necessary to guarantee 
the stability   

For this reason copper is always present 
in the layout of a superconducting wire

Thermal conductivity of copper is orders 
of magnitude higher compared to 
superconducting materials



Thermal instabilities and Flux jumps (déjà-vu)

Flux motion after a thermal disturbance can further reduce the already low 
specific heat at low temperatures

If Qext is the initial perturbation, the heat balance including the heat 
generated by the flux flow is 
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Disturbance spectra
2
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Stability margin vs. Disturbance energy

The stability margin e is the maximum energy density that a composite superconductor 
carrying operating current Iop can absorb and still remain fully superconducting

At T=Tcs , current is shared 
with the matrix
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Hot spot and hot spot temperature

A magnet quench is initiated over a small winding volume, the so-called hot spot
The entire stored energy of the magnet may be dissipated over this hot spot, with the 
permanent damage of the magnet

The goal of any magnet protection is to limit the final temperature Tf below 300 K in case 
of quench

The stored magnetic energy Em in a solenoid is

The axial center field B0 is given by

with

The inductance L of a solenoid (a1,,) with N turns is

1



Hot spot and hot spot temperature (2)

What must be the minimum size of a hot spot volume in a solenoid to meet a requirement of 
Tf ≤ 300K is a key question of protection issue

For a solenoid (a,,), Em may be related to its B0 by

The total volume of the hot spot (resistive zone) Vr is given by

where Vw is the winding volume and fr is the fraction of the hot-spot volume in the winding

If the magnet’s total magnetic energy Em is converted to heat adiabatically in the hot spot 
only, the average thermal energy density emr of the hot spot is given by



Adiabatic heating under current discharge

2
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Joule Heating Thermal disturbance
Thermal Inertia Conduction
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How to estimate the hot spot temperature and design the winding to keep Tf  300K

The heat balance per unit of volume is 

2 ( ) ( ) ( )J t T dt C T dT 

Rearranging and integrating 
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tD is a characteristic time for the current decay 
after a quench 

To keep Tf low, tD has to be short (Jop is given)

The shorter is tD , the larger must be the hot spot 
volume



Hot spot volume fraction and temperature



Hot spot volume fraction and temperature (2)

A quench in addition to damaging the winding thermally, may also do 
so mechanically by inducing localized strains.



Minimum Propagating Zone and Minimum Quench Energy

A thermal disturbance Qin induces a temperature 
rise above Tc over a length l

The minimum length needed for this normal zone to 
propagate (for heat generation to exceed cooling) is 
defined as the minimum propagation zone lMPZ

2
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How to make a large MPZ and MQE

 
2

2 cs op

MPZ

T T
l
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
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• make thermal conductivity  large

• make resistivity  small

• Superconductors have high  and low 

• Copper have low  and high 

• Mix copper and superconductor in a 
filamentary composite wire

• Superconductor in fine filaments for an 
intimate mixing



Normal Zone Propagation Velocity

Once a non-recovering normal zone is formed, it is desirable to make the normal-zone 
propagation (NZP) velocity “fast”, to enlarge its fr and limit the hot spot temperature

An expression for vNZ can be derived by 
formulating two coupled diffusion equations 
for the normal- and superconducting zone

By applying a coordinate transformation z’ = z - vNZt , we obtain



Normal Zone Propagation Velocity

By solving the coupled equations for vNZ , we obtain 

 
diss n

NZ

n s cs op

p
v

C C T T






that can be rewritten as  

NZ
cs op

J
v

C T T








NZ
cs op

J
v

C T T





 

1 2
MPZ cs opl T T

J




 

MPZ and NZPV



0 5 10 15 20 25 30 35 40 45

500

1000

1500

 BR @ B = 0 T

 BR @ B = 15 T

 

 


  

[W
 m

-1
 K

-1
]

T [K]

Specific Heat and Thermal Conductivity

Temperature and Field dependence for a Bronze Route Nb3Sn wire
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Specific heat is dominated by phonons and 
thus is weakly affected by the magnetic field

Thermal conductivity is dominated by 
electrons and thus is strongly affected by the 
magnetic field



How to protect a magnet in case of quench

Active Protection Technique: Detect-and-Dump

A simple protection circuit with a switch S and external dump resistor RD

When the start of a quench is detected, S opens and the current decays through RD

If we make RD larger than the internal quench resistance, it will dominate the current decay giving

/ /D DR t L t t
op opI I e I e 
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How to detect a quench - Basic Bridge Circuit

The current flowing in R1 and R2 is

Vout can be rewritten as



How to detect a quench - Basic Bridge Circuit

We design the circuit to make Vout(t) proportional only to rI(t)

This implies R2L1 = R1L2 . In the case of quench we detect
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