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Perfect Conductivity

Unexpected result

Expectation was the opposite:  everything should become an isolator at 0T →

Kamerlingh Onnes and van der Waals in 
Leiden with the helium 'liquefactor' (1908) 



Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

Thomas Jefferson National Accelerator Facility Page 3

Perfect Conductivity
Persistent current experiments on rings have measured

1510s

n

σ >
σ

Perfect conductivity is not superconductivity

A “perfect conductor” (infinite means free path, no scattering center) is not 
“resistance-less”
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Perfect Diamagnetism
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Two Fluid Model – Gorter and Casimir
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Model of F & H London (1935)

Frictionless “superelectrons”
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Model of F & H London (1935)
combine with o sB = J∇ × µ
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The magnetic field, and the current, decay 
exponentially over a distance λ (a few 10s of nm)
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Pippard’s Extension of London’s Model
Observations:

-Penetration depth increased with reduced mean free path

- Hc and Tc did not change

- Need for a positive surface energy over 10-4 cm to explain 
existence of normal and superconducting phase in intermediate 
state

Non-local modification of London equation
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Two Fundamental Lengths

• London penetration depth λ
—Distance over which magnetic fields decay in superconductors

• Pippard coherence length ξ
—Distance over which the superconducting state decays
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Surface Energy
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Surface Energy

c

2 2

Interface is stable if >0
If  >0

Superconducting up to H  where superconductivity is destroyed globally

         If  >> <0 for 

Advantageous to create small areas of normal state with large

cH H

σ
ξ >> λ σ

ξλ ξ σ >
λ

area to volume ratio  quantized fluxoids
Exact calculation:

1= : Type I
2

1= : Type II
2

→

λκ <
ξ
λ

κ >
ξ

2 21
8 cH Hσ ξ λ
π
È ˘-Î ˚



Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

Thomas Jefferson National Accelerator Facility Page 13

Critical Fields
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Superheating Field

Ginsburg-Landau:
0.9 for <<1
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 0.75 for 1
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The exact nature of the rf critical 
field of superconductors is still 
an open question
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BCS

− Energy gap
−Isotope effect (phonons)                       
−Meissner effect

Assumption:  Phonon-mediated attraction between electron of equal and 
opposite momenta located within             of Fermi surface

Moving electron distorts lattice and leaves behind a trail of positive charge that 
attracts another electron moving in opposite direction
Fermi ground state is unstable
Electron pairs can form bound states of 
lower energy

Dω
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BCS

Exchange of phonon between 2 
electrons can lead to an attraction 
between them.
This attraction can lead electrons of 
opposite momenta to form pairs.
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BCS and BEC
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BCS

Energy gap
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BCS
Temperature dependence of the energy gap
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BCS

Critical temperature:
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Penetration Depth
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BCS Model

• The BCS model is an extremely simplified model of 
reality
—The Coulomb interaction between single electrons is ignored
—Only the term representing the scattering of pairs is retained
—The interaction term is assumed to be constant over a thin 

layer at the Fermi surface and 0 everywhere else
—The Fermi surface is assumed to be spherical

• Nevertheless, the BCS results (which include only a 
very few adjustable parameters) are amazingly close 
to the real world
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Surface Impedance in the G-C-L Model
Time-varying magnetic field will create an electric field in the 
superconductor, that will interact with the “normal” electrons

Power dissipation⎯⎯→
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Normal Conductors (local limit)

• In the local limit

• The fields decay with a 
characteristic length (skin depth)
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Electrodynamics and Surface Impedance 
in BCS Model
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Surface Resistance of Superconductors
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Surface Resistance of Superconductors
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Surface Resistance of Niobium



Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

Thomas Jefferson National Accelerator Facility Page 29

Super and Normal Conductors

• Normal Conductors
—Skin depth proportional to ω-1/2

—Surface resistance proportional to ω1/2

—Surface resistance independent of temperature (at low T)
—For Cu at 300K and 1 GHz, Rs=8.3 mΩ

• Superconductors
—Penetration depth independent of ω
—Surface resistance proportional to ω2

—Surface resistance strongly dependent of temperature
—For Nb at 2 K and 1 GHz, Rs≈7 nΩ

However: do not forget Carnot
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Accelerating Cavities

Two main functions

Mode transformer

TEM → TM

Impedance transformer

Low Z → High Z
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Equivalent Circuit for an rf Cavity
Simple LC circuit representing 
an accelerating resonator

Metamorphosis of the LC circuit 
into an accelerating cavity

Chain of weakly coupled pillbox 
cavities representing an accelerating 
cavity

Chain of coupled pendula as 
its mechanical analogue 
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Design Considerations 
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RF Cavity Fundamental Quantities

• Quality Factor Q0: 

• Shunt impedance Rsh: 

Vc = accelerating voltage

Note: Sometimes the shunt impedance is defined as           ,  or quoted as impedance 
per unit length (ohm/m)
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Q – Geometrical Factor (Q Rs)
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ze (frequency) and material independent. 
It depends only on the mode geometry 
It is independent of number of cells
For superconducting elliptical cavities  275sQR Ω∼
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Shunt Impedance (Rsh), Rsh Rs, R/Q

( )

2 22

2 2
0

2

1 1
2 2

In practice for elliptical cavities

33,000 per cell

/ 100   per cell

and   /      
          Independent of size (frequency) and material

Depends on mode geometr

z
sh

s

sh s

sh

sh s sh

E LVR
P R H L

R R

R Q

R R R Q

=
π

Ω

Ω

y
Proportional to number of cells



Operated by the Southeastern Universities Research Association for the U.S. Department of  Energy

Thomas Jefferson National Accelerator Facility Page 36

Power Dissipated per Unit Length or Unit Area
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Ponderomotive Effects and Microphonics

• Ponderomotive effects: changes in frequency caused by the 
electromagnetic field (radiation pressure)
—Static Lorentz detuning (cw operation)
—Dynamic Lorentz detuning (pulsed operation)

• Microphonics: changes in frequency caused by connections 
to the external world
—Vibrations
—Pressure fluctuations

Note:  The two are not completely independent.
When phase and amplitude feedbacks are active, ponderomotive 
effects can change the response to external disturbances
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Lorentz Detuning

• RF power produces radiation 

pressure:  P = (µ0H2 – ε0E2)/4

• Deformation produce a 

frequency shift: 

∆f = KL*E2
acc

Pressure deforms the cavity wall:

Outward pressure at the 
equator

Inward pressure at 
the iris
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Lorentz Detuning
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Microphonics

Probability Density
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Limitations on the Performance of 
Superconducting Cavities

• Quenches below critical field
• Residual surface resistance
• Field emission
• Multipacting

• Causes
—Surface contamination
—Surface oxides
—Defects
—Grain boundaries
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Parting Words

• SRF for accelerators has been an active area of research 
and development for 40 years

• Much progress has been done

• Many machines have been successfully built and operated

• We have not yet achieved the full potential of the “easiest”
superconductor for rf applications (Nb)
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Parting Words

• SRF involves many areas of physics and engineering
—Quantum mechanics, solid state physics
—Electromagnetism
—Materials science, thin films, deposition techniques
—Surface physics
—Chemistry and electrochemistry
—Vacuum science
—Contamination control
—Feedback systems and rf control
—Cryogenics
—Mechanical and thermal engineering

• There is plenty left to do
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