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Plan for the week

• This afternoon: Surface resistance at high RF fields

• Tuesday afternoon: TM-class cavity design

• Wednesday morning: Computer Lab + cavity limitations

• Thursday afternoon: Cavity fabrication

• Friday morning: Surface preparation
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SURFACE RESISTANCE AT HIGH 

RF FIELDS

Gianluigi Ciovati

Thomas Jefferson National Accelerator Facility

USPAS June 2015                                             Rutgers
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Outline

• Surface resistance in strong RF fields

– Thermal feedback model

– Non-linear BCS

– Hot-spots

• RF losses due to vortices’ motion

– Oscillation of pinned vortices

– Vortex penetration

– Hotspot generation
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BCS Surface Resistance

Clean limit (l<<x0) BCS surface 

resistance at low field (H<<HcT/Tc) 
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RBCS: Impurities Dependence

BCS resistance of Nb at 1.5 GHz, 4.2 K
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RS(H0): Thermal Feedback
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Thermal Conductivity of Nb

Lattice termElectron term

y = /kBT

R(y) = es/en

L  2.45×10-8 W/K2

a = 2.3×10-5 m/(W K)

B = 7.0×103 W/(m2 K4)

1/D = 300 m/(W K3)

G: phonon mean free path 
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Thermal Conductivity of Nb
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Kapitza Resistance

RK=1/hK

1: BCP

2: EP

3: HT + BCP

4: HT + EP

• Determines the heat exchange at 

the outer surface of the cavity wall 

in contact with He bath

• Arises from non-unity phonon 

transmission coefficient across the 

interface
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Meissner Current at Inner Cavity Surface

LHe

Nb
Vacuum
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Effect of Current on Thermal Activation

Valid in the clean limit
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Non-Linear RBCS

For T = 2 K and Tc= 9.2K, the 

parameter β0 varies from 0 at 

H0 = 0 to 8 at H0 = 160 mT

Current driving parameter
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Non-Linear RBCS
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RS(H0): Thermal Feedback
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• Numerically solve for Tm(H0) and Ts(H0)

• Calculate Rs[Tm(H0),H0]
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• Solve for Tm(H0)

• Calculate Rs[Tm(H0),H0]



Slide 15 of 55

RS(H0): Thermal Feedback

T0 = 2 K, d = 3 mm,  = 20 W/m K, hK = 5 kW/m2 K, RBCS = 10 nW

and Q(0) = 1010

Rs = RBCS + Rres

or

Rs = Rnl
BCS + Rres
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Breakdown Field

Quench will occur at Tm=Tb at which H0(Tm) is maximum

Assuming linear RBCS
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For T0=2K, d = 3 mm,  = 20 W/m K, hK = 5 kW/m2 K, /kB = 17.7K, 

Rs(2K) = 20 nW
Hb  200 mT
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RS(H0): Parameters Dependence

Baseline parameters

determine (T)

Frequency dependence

Linear RBCS
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RS(H0): Parameters Dependence

He bath temperature
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RS(H0): Parameters Dependence

Phonon mean free path

lph=0.1mm

lph=5 mm

RRR



Slide 20 of 55

RS(H0): Data
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Models Comparison with Data
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Effect of Impurities on Rs at High Field

Clean limit Moderately Dirty limit

• Unlike in the moderately dirty limit, in a clean SC the 

quasiparticle density of states become that of a normal-conductor 

(gapless) at H< Hsh
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Effect of Impurities on Rs at High Field

Impurities in the top ~40nm layer of Nb can decrease the non-linearity 

of Rs at high fields

𝛼 =
𝜋𝜉0
ℓ

eg(a) at H=Hsh

Rs(H)  exp(-eg(H)/kT)
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Effect of Hot-Spots
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Temperature Distribution

d
r > r0



Slide 26 of 55

Averaged Surface Resistance

Quantifies extra power generated by the defect due to

• local enhancement of BCS factor A

• local field enhancement

Considering weak hot-spots (h <<1):

Rs(H) is the uniform surface resistance, ℓs is the mean spacing between hotspots, Hb0 is the 

uniform breakdown field, 
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Q0(H) for Linear BCS + Hot-Spots

Inserting the expression of Rs(H) from the previous slide in the “analytical” thermal balance 

equation we obtain:

H0(q) is maximum at q = 1, which defines the global breakdown field Hb reduced by weak 

hotspots (g<<1):



Slide 28 of 55

Summary

• Several mechanisms lead to a similar increase of Rs for 

increasing RF fields:

– Thermal impedance

– Hot-spots

– Intrinsic RBCS non-linearity

• All this mechanisms cause the increase of Rs(H) by 

thermal feedback

• Experiments should be designed to test the influence of 

each contribution
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Vortices in Type-II Superconductors

• The magnetic field inside a type-II superconductor is quantized.         

The unit flux quantum (fluxon) is

• Supercurrent flows around the fluxon to shield the sc (current vortex)

• The fluxon with the associated current vortex is called fluxoid
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Vortices in Type-II Superconductors

Non-superconducting core of 

radius ∼ξ surrounded by circulating 

currents spread over ∼λ. 

Nb:   40 nm, x  32 nm

Nb3Sn:   90 nm, x  3 nm

Energy 

decrease due 

to loss of 

diamagnetism

Energy increase due 

to loss of 

condensation 

energy

>
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Lorentz Force

Jt

F0

F0

fL

fL

x

y

z

0 FL sf J

Js: total supercurrent density due to all other vortices 

and any net transport current at the location of the core 

of the vortex

Flux lines tend to move transverse 

to the current

Flux lines moving with velocity v induce an electric field  E B v

Flux line motion causes dissipation

parallel to J: acts like a resistive voltage

P = 𝐉 ∙ 𝐄
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Flux Flow
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Vortices in Type-II Superconductors

• Vortex penetration

• Vortex pinning

Implications on RF losses
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Surface Barrier
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Vortex Penetration into SC

Magneto-optical studies of a c-

oriented MgB2 film show that below 

10 K the global penetration of 

vortices is dominated by complex 

dendritic structures abruptly entering 

the film.

Figure shows magneto-optical images 

of flux penetration (image brightness 

represents flux density) into the virgin 

state at 5 K. The respective images 

were taken at applied fields 

(perpendicular to the film) of 3.4, 8.5, 

17, 60, 21, and 0 mT.
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Vortex Penetration in RF Field

Vortex entry at the local penetration field

Vortex eq. of motion

Vortex enters the surface at t=0 when B>Bv

At time t=tc, |B(tc)| > |-Bv| → an anti-vortex enters the surface 

while the vortex is at position uc

• Eqs. of motion of vortex and anti-vortex

At time t=ta vortex and anti-vortex annihilate, u+(ta) = u-(ta)
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Vortex Trajectory

t=0.061, B0=1.01Bv
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Vortex Trajectory

Defines the rf amplitude B2 above which a second vortex 

would enter

• Only single-vortex penetration was considered: Bv <B0 <B2

• The time it takes for a vortex to move by a distance ~ from 

the surface is:

~4×10-12 s for Nb
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Dissipation due to vortex motion

The power                  dissipated due to the work of the 

viscous drag force is given by:

In the low-frequency limit: ~1 W/m at 1 GHz

Increasing frequency
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How fast is vortex entry?

𝑣𝑚~
𝜆

𝜏

Larkin and Ovchinnikov: nonequilibrium effects in the vortex core decrease the drag 

coefficient h as v increases:

v0: critical velocity < vm
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Jumpwise Vortex Penetration

F(u,t) = net e.m. force

maximum viscous force

maximum Lorentz force

The vortex first moves from u=0 to u=u1, then jumps from point 1 to point 2, 

after which it moves continuously until the next jump and annihilation with the 

antivortex on the way back
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Jumpwise Vortex Penetration

F0/Fm=38

F0/Fm=3.8

The positions of the jumps uj at the corresponding times 

t=tj are determined by the equation F(uj, tj)=Fm

the antivortex jumps in and annihilates with the 

outgoing vortex before the vortex reaches the critical 

velocity −v0
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Temperature Around the Oscillating Vortex

The distribution of T(r, t) around a moving vortex is described by a thermal diffusion equation

dissipation in the vortex core

core form factor

Steady-state solution for weak overheating:

Q: average dissipated power due to vortex motion



Slide 44 of 55

Pinning
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Core Pinning
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Optimum Core Pin Size and Maximum Jc

>> x
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High Jc-Values for DC Transport

Real pinning microstructure in NbTi

• Pinning effectively prevents vortex motion in presence of a DC

current: maintains R=0 up to high Jc-values



Slide 48 of 55

Trapped vortices in SRF cavities (1)

• Field cooling in residual Earth field

T < Tc(Hi)

Hi

• Thermoelectric currents during cooldown across Tc

J  T

Tmin < Tc

Tmax

Tmin
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Trapped vortices in SRF cavities (2)
• The resulting distribution of trapped vortices in the cavity can be highly 

inhomogeneous and the trapping efficiency depends on the material 

treatment (Post-purification annealing, strong oxidation, large amount of chemical 

etching)

• Due to the random nature of pinning centers within the wall thickness, 

we do not know the orientation of the trapped vortices with respect to 

the cavity surface

Vacuum

Pinning centers

Nb

Dashed lines: vortices trapped near 

the Nb surface
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Effect of Pinning

x
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Eq. of motion of the pinned vortex in an RF 

field:

Bending stress

Lorentz force image force pinning force
Viscous drag 

force

The Eq. of motion can be solved for small oscillations and the 

dissipated power can be calculated
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Vortex Free Layer
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RF Dissipation

• Seek a solution of the eq. of motion of the form:

• Solve linearized eq. of motion for the Fourier component

dissipated power per unit vortex length

dissipated power per unit area resulting in additional surface resistance

High-frequency 

limit
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RF Dissipation

Expon. distrib. of 

pinned vortex 

segments

Periodic chain 

of pins

2

0 0

2 2

2 2 2

d

n n n i

c c c

e H
R

aB a B H

  

  





F F
  

Strong 

pinning
100% 

flux 

trapping

 2.5 nW/mG

Ri depends strongly on the 

distribution of the pinning centers 

(and therefore on the size ℓ of the pinned vortex 

segments)

• Ri  b b  0.5-0.7 in agreement 

with experiments on Nb cavities2

• tp  10-8 s from experiments on 

Nb cavities2 ℓ  4 m
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RF Dissipation

• Stronger pinning (↓ tp) reduces Ri

Experimental evidence: Reduced RF losses in YBCO (47.7 GHz) by 
adding 7% BZO  pinning centers !

N. Pompeo et al., ASC’08, 
Chicago, paper 4MC05



Slide 55 of 55

Vortex Hotspot

even weak variations dT(r)<<T0 can produce 

strong variations in RBCS(r) at low temperatures

d: wall thickness

 0 0( 0, ) , coth
4

s BCS

y
R x y R T y r

d

 


 
   

 

        2

0 0 0 0 0 0 0, , , ,B T Q B T T T T    

Dissipated power

1

6

11

16

21

26

-2 -1 0 1 2

y/d

R
s
/R

B
C

S

r0

Local dissipation due to 
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Lorentz Electron Microscopy of Vortex Structures

Fascinating vortex movies at: 

http://www.hitachi.com/rd/research/em/movie.html

http://www.hitachi.com/rd/research/em/movie.html

