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Superconducting RF for storage rings, Superconducting RF for storage rings, ERLsERLs, , 

and linacand linac--based based FELsFELs::

● Lecture 3   Lecture 3   Basic concepts of RF superconductivity: 

RF losses and related figures of merits, Q vs E
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Discovery of superconductivity
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Superconducting elements
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� The superconducting state is characterized by the critical temperature Tc and field Hc

� The external field is expelled from a superconductor if Hext < Hc for Type I superconductors. 

� For Type II superconductors the external field will partially penetrate for Hext > Hc1 and will completely 

penetrate at Hc2

Superconducting state
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London equations (1935)
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50+ years of BCS theory
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BCS theory
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GL theory
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Fundamental lengths and GL parameter
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Vortex state
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Two fluid model considers both superconducting and normal conducting components:

� At  0 < T < Tc not all electrons are bonded into Cooper pairs. The density of unpaired, “normal”

electrons is given by the Boltzman factor

where 2∆ is the energy gap around Fermi level between the ground state and the excited state.

� Cooper pairs move without resistance, and thus dissipate no power. In DC case the lossless Cooper 

pairs short out the field, hence the normal electrons are not accelerated and the SC is lossless even 

for T > 0 K.

� The Cooper pairs do nonetheless have an inertial mass, and thus they cannot follow an AC 

electromagnetic fields instantly and do not shield it perfectly. A residual EM field remains and acts on 

the unpaired electrons as well, therefore causing power dissipation.

� We expect the surface resistance to drop exponentially below Tc.

� From previous lecture, recollect the Ohm’s low. For the nearly-free electron model

where τ is the average time between collisions.

�Between scattering events the electrons gain velocity

What happens if AC field is applied?
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� To calculate the surface impedance of a superconductor, one must take into account the 

“superconducting” electrons ns in the two-fluid model

� There is no scattering, thus                        and one can get the first London equation

� In an RF field one gets

� One can notice that the effective scattering time for a superconductor is the RF period divided by 2π.

� The total current is simply a sum of currents due to two “fluids”:

� Thus one can apply the same treatment to a superconductor as was used for a normal conductor before 

with the substitution of the newly obtained conductivity.

Current in two-fluid model
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� The surface impedance

� The penetration depth

� Note that 1/ω is of the order of 100 ps whereas the relaxation time for normal conducting electrons if of the 

order of 10 fs. Also, ns >> nn for T << Tc, hence σn << σs.

� Then

� The fields decay rapidly, but now over the London penetration depth, which is much shorter than the skin 

depth of a normal conductor.

� For the impedance we get
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� Let us take a closer look at the surface impedance 

� One can easily show that Xs >> Rs→ the superconductor is mostly reactive.

� The surface resistivity is proportional to the conductivity of the normal fluid! That is if the normal-state 

resistivity is low, the superconductor is more lossy. Analogy: a parallel circuit of a resistor and a reactive 

element driven by a current source. Observation: lower Q for cavities made of higher purity Nb.

� Calculation of surface resistivity must take into account numerous parameters.  Mattis and Bardeen 

developed theory based on BCS, which predicts

where A is the material constant.

� While for low frequencies (≤ 500 MHz) it may be efficient to operate at 4.2 K (liquid helium at atmospheric 

pressure), higher frequency structures favor lower operating temperatures (typically superfluid LHe at 2 K, 

below the lambda point, 2.172 K).

� Approximate expression for Nb:

BCS surface resistivity
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Why Nb?

I

I

I

II

II

I

II

-

Type

--829-4.47Ta

--411/339-4.15Hg

film429030039.0MgB2

-OeOeOeK

--281.5-3.41In

film250000520038018.1Nb3Sn*

electroplating-803-7.20Pb

bulk, film4000206017009.25Nb

FabricationHc2HcHc1Tc

*) Other compounds with the same ββββ-tungsten or A15 structure are under investigation as well.

� High critical temperature (cavities with High-Tc sputter coatings on copper have shown much inferior performance in 

comparison to niobium cavities) →→→→ lower RF losses →→→→ smaller heat load on refrigeration system.

� High RF critical field, which of the order of Hc. Strong flux pinning associated with high Hc2 is undesirable as it is 

coupled with losses due to hysteresis. Hence a 'soft' superconductor must be used.

� Good formability is desirable for ease of cavity fabrication.  Alternative is a thin superconducting film on a copper 

substrate.

� Pure niobium is the best candidate, although its critical temperature Tc is only 9.25 K, and the thermodynamic critical 

field about 200 mT. Nb3Sn with a critical temperature of 18.1 K looks more favorable at first sight, however the 

gradients achieved in Nb3Sn coated niobium cavities were always below 15 MV/m, probably due to grain boundary 

effects in the Nb3Sn layer. For this reason niobium is the preferred superconducting material.
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Q vs E: real world 

► It is customary to characterize 

performance of superconducting 

cavities by plotting dependence of 

their quality factor on either electric 

field (accelerating or peak surface) or 

peak magnetic field.

►Q vs E plots is a “signature” of cavity      

performance.

►At low temperatures measured Q is 

lower than predicted by BCS theory.

►There are several mechanisms 

responsible for additional losses. 

Some of them are well understood and 

preventable, some are still under 

investigation.
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� At low temperatures the measured surface resistivity is larger than predicted by theory:

where Rres is the temperature independent residual resistivity. It can be as low as 1 nOhm, but typically is 

~10 nOhm.

� Characteristics:

• no strong temperature dependence

• no clear frequency dependence

• can be localized

• not always reproducible

� Causes for this are: 

• magnetic flux trapped in at cooldown

• dielectric surface contaminations 

(chemical residues, dust, adsorbates)

• NC defects & inclusions

• surface imperfections

• hydrogen precipitates

Residual surface resistivity

( ) resBCSs RTRR +=
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Trapped magnetic flux

� Ideally, if the external magnetic fiels is less than Hc1, the DC flux will be expelled due to Meissner effect.  In 

reality, there are lattice defects and other inhomogeneities, where the flux lines may be “pinned” and 

trapped within material.

� The resulting contribution to the residual resistance

� For high purity (RRR=300) Nb one gets 

� Earth’s field is 0.5 G, which produces residual resistivity of 150 nOhm at 1 GHz 

and Q0 < 2×109

� Hence one needs magnetic shielding around the cavity to reach quality factor in the 1010 range.  

� Usually the goal is to have residual magnetic field of less than 10 mG.
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Examples of surface defects

Surface defects can cause:

�Enhanced residual losses

�Premature quench

�Field emission 
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Surface contamination

HTC test, August 2007
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First test

After fast cooldown

with CCG's shielded

at 4.2 K

Low Q due to cavity 

contamination by dust 

from broken ferrite tiles. 

Simulations indicate that 

one ~1 µµµµm size particle is 

enough to cause this!

Q is consistent with BCS at 4.2 K

1.3 GHz two-cell cavity with attached ferrite beam loads.

Expected to measure Q > 1010
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Cavity re-test

ERL 2-cell #1 post-HTC
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HPR and methanol rinse 11/1/2007

Methanol rinse 10/24/2007

� Re-tested the cavity after removing ferrite and rinsing it with methanol: Q was still low.

� HPR’d the cavity and tested again: Q is back to normal.
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Q disease

The hydrogen dissolved in bulk niobium can under certain conditions during cooldown precipitate as a 

lossy hydride at the niobium surface. It has poor superconducting properties: Tc = 2.8 K and Hc = 60 Oe.  

This is known as the “Q-diseas.” At temperatures above 150 K too high concentration of hydrogen is 

required to form the hydride phase (103 – 104 ppm).  However, in the temperature range from 75 to 150 K the 

required hydrogen concentrations drops to as low as 2 wt ppm while its diffusion rate remains significant.  

This is the danger zone.

Mitigation:

� rapid cooldown through the danger 

temperature zone;

� degassing hydrogen by heating the Nb

cavity in vacuum of better than 10-6 Torr

at 600°°°°C for 10 hrs or at 800°°°°C for 1 to 2 

hrs.;

� keep the acid temperature below 15°°°°C 

during chemical etching.
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Thermal breakdown
� If there is a localized heating, the hot area will increase with field. At a certain field there is a thermal 

runaway and the filed collapses (loss of superconductivity or quench).

� Thermal breakdown occurs when the heat generated at the hot spot is larger than that can be evacuated to 

the helium bath.

►Both the thermal conductivity and the 

surface resistance of Nb are highly 

temperature dependent between 2 and 9 K.
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RRR

� Residual Resistivity Ratio (RRR) is a measure of material purity and is defined as the ratio of the resistivity 

at 273 K (or at 300 K) to that at 4.2 K in normal state. 

� High purity materials have better thermal conductivity, hence better handling of RF losses.

� The ideal RRR of niobium due to phonon scattering is 35,000.  Typical “reactor grade” Nb has RRR ≈ 30.  

Nb sheets used in cavity fabrication have RRR ≥ 200.
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Improving thermal conductivity

There are several ways to improve material purity of Nb:

� Industry can produce high Nb purity by e-beam melting in a vacuum furnace. 

RRR = 300 – 400 Nb is available.

� Cavities can be post-purified in a vacuum furnace by heating to ~ 1400°°°°C, 

evaporating Ti on cavity surface (use titanium as getter to capture impurities), 

upon cooldown etching away the titanium. This doubles the purity 

(RRR ~ 600 if originally RRR = 300).
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Q-slopes

� The observed Q of a niobium cavity shows several interesting features with increasing field. As there is 

still no commonly accepted explanation of physics behind each of the Q-slopes, we are mentioning those 

just to have a complete picture and refer for further details to second volume of H. Padamsee’s book.

� In the low-field region Q surprisingly increases. This does not present any limitation of cavity performance. 

Mild baking generally enhances the low-field Q-slope.

� At medium fields Q gradually decreases, a common feature of all Nb cavities. This is generally attributed to 

a combination of surface heating and “nonlinear” BCS resistance. Mild baking (100 – 120°°°°C for 48 hrs) 

usually decreases this Q-slope. 

� Finally, there is a strong Q-drop at the highest fields. 

This is still highly active area of basic SRF research.

Mild baking helps under certain conditions.

� Eventually superconductivity quenches due to 

a thermal instability at defects.
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What have we learned?

� The superconducting state is characterized by the critical temperature and magnetic field.

� There are Type I and Type II superconductors.

� Two-fluid model and BCS theory explain surface resistivity of superconductors.

� Nb is a material of choice in either bulk form or as a film on a copper substrate. 

� Other materials are being investigated.

� At low temperatures residual resistivity limits performance of superconducting cavities.

� There are several phenomena responsible for the deviation of “real world” losses from 

theoretical predictions.

� Material quality (impurities, mechanical damage) plays important role.

� Performance of SC cavities is dependant on the quality of a thin surface layer.

�We will discuss other mechanisms limiting performance of superconducting cavities in the 

next lecture. Also, we will assume that cavities are made of bulk Nb (unless other materials 

are specifically mentioned.) 


