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  Provide accelerating gradient for high-performance linear 
particle accelerators 
  Applications include the International Linear Collider, Project X, 

nuclear energy, . . . 

  Made from ultra pure niobium (>99.98%)  
  Type II superconductor with Tc = 9.8 K  

  Operation in the superconducting state decreases losses due 
to surface resistance by ~106 
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so-called “hard” superconductors are needed featuring

high upper critical magnetic fields (15–20 T) and strong

flux pinning in order to obtain high critical current
density; such properties can only be achieved using alloys

such as niobium-titanium or niobium-tin. In microwave

applications the limitation of the superconductor is not

given by the upper critical field but rather by the so-

called “superheating field” which is well below 1 T for all
known superconductors. Moreover, strong flux pinning

appears undesirable in microwave cavities as it is coupled

with hysteretic losses. Hence a “soft” superconductor

must be used and pure niobium is still the best candidate

although its critical temperature is only 9.2 K and the
superheating field about 240 mT. Niobium-tin !Nb3Sn"
looks more favorable at first sight since it has a higher

critical temperature of 18 K and a superheating field

of 400 mT; however, the gradients achieved in Nb3Sn

coated single-cell copper cavities were below 15 MV#m,

probably due to grain boundary effects in the Nb3Sn layer
[5]. For these reasons the TESLA Collaboration decided

to use niobium as the superconducting material, as in all

other large scale installations of sc cavities. Here two

alternatives exist: the cavities are fabricated from solid

niobium sheets or a thin niobium layer is sputtered onto
the inner surface of a copper cavity. Both approaches

have been successfully applied, the former at Cornell

(CESR), KEK (TRISTAN), DESY (PETRA, HERA),

Darmstadt (SDALINAC), Jefferson Lab (CEBAF), and

other laboratories, the latter, in particular, at CERN in the
electron-positron storage ring LEP. From the test results

on existing cavities, the solid-niobium approach promised

higher accelerating gradients, hence it was adopted as the

baseline for the TTF cavity R&D program.

1. Surface resistance

In contrast to the dc case, superconductors are not free

from energy dissipation in microwave fields. The reason is

that the rf magnetic field penetrates a thin surface layer and

induces oscillations of the electrons which are not bound

in Cooper pairs. The number of these “free electrons”
drops exponentially with temperature. According to the

Bardeen-Cooper-Schrieffer (BCS) theory of superconduc-

tivity the surface resistance in the range T , Tc#2 is given

by the expression

RBCS ~
v2

T
exp!21.76 Tc#T" , (2.1)

where f ! v#2p is the microwave frequency. In the two-

fluid model of superconductors one can derive a refined

expression for the surface resistance [6,7]

RBCS !
1
2

v2m2
0L3sn . (2.2)

Here sn is the normal-state conductivity of the material,

and L is an effective penetration depth, given by
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FIG. 1. The surface resistance of a 9-cell TESLA cavity plot-
ted as a function of Tc#T . The residual resistance of 3 nV
corresponds to a quality factor of Q0 ! 1011.

L ! lL

q

1 1 j0#! ,

where lL is the London penetration depth, j0 is the coher-

ence length, and ! is the mean free path of the unpaired
electrons. The fact that sn is proportional to the mean free

path ! leads to the surprising conclusion that the surface

resistance does not assume its minimum value when the

superconductor is as pure as possible (! ¿ j0) but rather

in the range ! $ j0. For niobium, the BCS surface re-
sistance at 1.3 GHz amounts to about 800 nV at 4.2 K

and drops to 15 nV at 2 K; see Fig. 1. The exponen-

tial temperature dependence is the reason that operation at

1.8–2 K is essential for achieving high accelerating gradi-

ents in combination with very high quality factors. Super-

fluid helium is an excellent coolant owing to its high heat
conductivity.

In addition to the BCS term there is a residual resistance

Rres caused by impurities, frozen-in magnetic flux, or lat-

tice distortions. This term is temperature independent and

amounts to a few nV for very pure niobium but may read-
ily increase if the surface is contaminated.

2. Heat conduction in niobium

The heat produced at the inner cavity surface has to
be guided through the cavity wall to the superfluid he-

lium bath. Two quantities characterize the heat flow: the

thermal conductivity of the bulk niobium and the tempera-

ture drop at the niobium-helium interface caused by the

Kapitza resistance. For niobium with a residual resistivity
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Figure 1: The low-temperature resistivity of copper, tin and YBa2Cu3O7.

Al Hg Sn Pb Nb Ti NbTi Nb3Sn
1.14 4.15 3.72 7.9 9.2 0.4 9.4 18

Table 1: Critical temperature Tc in K of selected superconducting materials for vanishing magnetic field.

its interior when cooled below Tc, while in stronger fields superconductivity breaks down and the material
goes to the normal state. The spontaneous exclusion of magnetic fields upon crossing Tc cannot be explained
in terms of the Maxwell equations of classical electrodynamics and indeed turned out to be of quantum-
theoretical origin. In 1935 H. and F. London proposed an equation which o!ered a phenomenological
explanation of the field exclusion. The London equation relates the supercurrent density Js to the magnetic
field:

!!" !Js = #nse2

me

!B (1)

where ns is the density of the super-electrons. In combination with the Maxwell equation !!" !B = µ0
!Js we

get the following equation for the magnetic field in a superconductor

!2 !B # µ0nse2

me

!B = 0 . (2)

For a simple geometry, namely the boundary between a superconducting half space and vacuum, and with
a magnetic field parallel to the surface, Eq. (2) reads

d2By

dx2
# 1

"2
L

By = 0 with "L =
!

me

µ0nse2
. (3)

Here we have introduced a very important superconductor parameter, the London penetration depth "L.
The solution of the di!erential equation is

By(x) = B0 exp(#x/"L) . (4)

So the magnetic field does not abruptly drop to zero at the superconductor surface but penetrates into the
material with exponential attenuation (Fig. 2). For typical material parameters the penetration depth is
quite small, namely 20 – 50 nm. In the bulk of a thick superconductor the magnetic field vanishes which is
just the Meissner-Ochsenfeld e!ect.

The justification of the London equation remained obscure until the advent of the microscopic theory of
superconductivity by Bardeen, Cooper and Schrie!er in 1957. The BCS theory is based on the assumption
that the supercurrent is not carried by single electrons but rather by pairs of electrons of opposite momenta
and spins, the so-called Cooper pairs. The London penetration depth remains invariant under the replace-
ments ns $ nc = ns/2, e$ 2e and me $ mc = 2me. The BCS theory revolutionized our understanding of
superconductivity. All Cooper pairs occupy a single quantum state, the BCS ground state, whose energy is

3

ρ
superconductor 

normal metal 

  RS is dependent on 
material properties and 
operating conditions 

  Only top few 100 nm 
matters  



Motivation:  Losses in SRF Cavities 

  Electron field emission 

  Multipacting  

Quench 

Q - disease Q - slope 

Ideal 
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! 

Q =
stored energy

dissipated power /rf cycle

=
G

Rs

  Q-disease  

  Q-slope 



Motivation:  Recovery from Loss 

  Resistance -> dissipation -> need quick heat removal 

  Thermal conductivity in the bulk is important 

T. Schilcher, TESLA-Report, TESLA 95-12, DESY (1995)
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Motivation: Empirically Developed Cavity 
Processing Procedures 
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  Some important techniques 
  Buffered chemical polishing of  outer surface – increase heat 

transfer 

  Bulk electropolishing (~150 μm) of  inner surface – remove 
damage layer from forming 

  600-800 °C bake – eliminate Q-disease 

  Tumbling – smooth surface 

  High pressure rinse – remove dust (prevent field emission) 

  100-160 °C bake – mitigate Q-slope 

  Nitrogen treatment – increase Q 

  Much recent research into physical mechanisms occurring 
during these steps and the resulting cavity performance 



  The surface oxide could be a source of  Q-slope 

  Dissolved N and C may have a similar effect as dissolved O 

  Hydrogen could be responsible for Q-slope and Q-disease 
  Ordered hydride phases have a superconducting Tc < 2K 

  Precipitates larger than ξ may be the culprit of  Q-disease, while 
smaller precipitates may contribute to Q-slope    
  Considering the proximity effect and that hydrides are metallic, 

 ξ ~ 0.5 µm 

Motivation: Impurities in Niobium 

Dissolved oxygen 
in Nb 

NbOx ~20 Å 
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  Supply of  dissolved oxygen 
in the bcc niobium – lowers 
Tc by ~0.9 K per at. %  

  Surface layer can be highly 
defective or amorphous  



Density Functional Theory Modeling 

NbH (β niobium hydride) bcc Niobium 

Infinitely expand 
structure with periodic 
boundary conditions 

Build a crystal 
structure 

Compare properties of  different structures 
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  Solve the electronic structure problem for the model systems 
using density functional theory in VASP  

  Assess properties such as binding energy, charge distribution, 
and niobium lattice strain  



Properties of  the Interstitial Impurities 

tetrahedral absorption 
(H) 

octahedral absorption 
(O,N,C) 

Nb128H Nb128O Nb128N Nb128C 

Charge on interstitial atom (e-)  -0.65 -1.35 -1.63 -1.76 

Binding energy (eV) -2.41 -7.02 -7.39 -8.48 

Lattice strain energy (eV) 0.11 0.83 0.83 0.96 
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Ford D C, Cooley L D and Seidman D N 2013 Supercond. Sci. Technol. 26 105003 
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  Impurities are attracted to lattice 
defects to alleviate lattice strain 

Ford D C, Cooley L D and Seidman D N 2013 Supercond. Sci. Technol. 26 105003 



Niobium Lattice Vacancies Can Nucleate  
Ordered Impurity Phases 

11 
Denise Ford, ANL December 16, 2014 

Ford D C, Cooley L D and Seidman D N 2013 Supercond. Sci. Technol. 26 095002 



Impurities Can Work Together to Prevent 
Detrimental Phases from Forming 

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

2 3 4 5 6 7 8 9
X-H Distance (Å)

B
in

di
ng

 E
ne

rg
y 

(e
V

)
X=N

X=O

X=C

12 
Denise Ford, ANL December 16, 2014 

Ford D C, Cooley L D and Seidman D N 2013 Supercond. Sci. Technol. 26 105003 



Application to SRF Cavities 

  Proposed mechanism for the low temperature anneal: 
-> Hydrogen is liberated from both the ordered hydride 

phases and the niobium site vacancies  
-> Some oxygen diffuses from the oxide phases or niobium 

interstitial sites and becomes trapped by the niobium 
vacancies in the near surface region 

-> Hydrogen is trapped by other impurities or defects rather 
than an ordered phase 

  Application to cavity processing procedure: 
-> Control the recovery state of  the niobium to reduce 

hydride phase nucleation centers  
-> Dope the niobium with O, N, C to trap H atoms 
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Difference Between Impurities Around Niobium 
Lattice Vacancies 

Binding Energy (eV) 

C -0.39 0.00 

N -0.29 -0.25 

O -0.22 -0.79 

H n.a. -0.32 
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  Preferred binding site correlates with ground state electron 
configuration of  impurity atom. 
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Binding Energy (eV) 

C -0.89 -0.14 -0.46 

N -0.57 -0.61 n.a. 

O - -1.65 n.a.  

H n.a.  -0.70 n.a. 

Two Impurities Near Vacancy 

  C is special! Can it form longer chains in extended defects? 

Difference Between Impurities Around Niobium 
Lattice Vacancies 



Raman Spectrum of  Hydrocarbon Chains in 
Niobium 
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Fig. 4. A significant fraction of the pits showed spectra
similar to those found on Nb foils and a comparison of
representative spectra is shown in Fig. 4. Each of the six hot
spot samples is represented and similar spectra were ob-
served in multiple pits on each sample. There is remarkable
agreement among the spectra, which indicates that the
development of particular impurity complexes in the sub-
surface of some pits is a rather common phenomenon.

Since hydride inclusions precipitating at a dislocation
would likely be nanoscale, there could be significant pho-
non scattering which would generate disorder induced first
order Raman scattering from the entire optical mode
branch [32]. Considering this possibility, we compared
the Raman spectra to the partial DOS of the optical
branches that have a Raman-active mode at the zone center.
These DOS calculations are shown as the red and green
lines for NbH and NbH2, respectively. The agreement in
location and characteristic width of the calculated and
measured Raman peaks is quite good and the interpretation
that these were hydride phases was made in an earlier

report based on limited data [31]. However, such hydride
complexes do not explain the peaks near 2900 cm!1.

D. Hydrocarbon modes

High wave number activity may be indicative of a
surface species, and particularly, C-H stretching modes
were suspected. A literature search yielded the Raman
spectrum of stearic acid [17], which could explain not
only the peaks near 2900 cm!1, but also several of the
lower wave number peaks. For comparison with the litera-
ture spectrum, we removed the fluorescence background
from the cold-worked foil spectrum of Fig. 3. The back-
ground was obtained by blocking the peak region and
fitting the rest of the data with a polynomial, as shown in
Fig. 5.
In Fig. 6, we compared our spectrum with that of stearic

acid [17], which is a chain compound with 18 carbon
atoms. The Raman peak frequencies and their assignments
are shown in Table II. Additionally, we show the DFT
calculations of partial DOS of the entire optical branches
of NbH and NbH2. Since the phonon modes of NbH and
NbH2 are near the same locations of the mid-wave-number
modes of CH2, and they coincide with our measured
Raman spectra, the presence of NbH and NbH2 cannot

FIG. 5. The background (blue line) is a polynomial fit of the
peakless region of the raw data. The black line is the residue after
subtracting the background.

FIG. 6. Top: Raman spectrum of stearic acid [17]. Middle:
Raman spectrum of a cold-worked foil stripped of background.
Bottom: DFT calculations of NbH and NbH2 modes.

FIG. 4. Raman spectra inside pits or rough spots on six differ-
ent hot spot samples. The dark spot on the inset shows the optical
image of a pit. For comparison the data from a recrystallized Nb
foil (pit and cold-worked region) are shown along with the
typical spectrum from a smooth region. Red and green lines
correspond to the partial DOS of the entire optical branch for
NbH and NbH2, respectively.

TABLE II. Raman vibrational assignments and peak frequen-
cies for rough patches on Nb bent foil and stearic acid [17].

Stearic acid (cm!1) Nb bent foil (cm!1) Assignment

1063 1068 C-C stretch
1130 1140 C-C stretch
1296 1303 C-C twist
1441 1450 CH2 bend
1461 1471 CH2 bend
2846 2870 CH2 stretch
2881 2904 CH2 stretch

DETECTION OF SURFACE CARBON AND . . . Phys. Rev. ST Accel. Beams 16, 064701 (2013)

064701-5

C. Cao, et al. 2013 Phys. Rev. ST Accel. Beams 16 064701 



Niobium Lattice Di- and Tri- Vacancies 
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0.00 -0.28 -0.38 0.03 -0.13 

-0.57 -0.97 -0.57 -0.75 -0.73 

  The formation energy of  tri-vacancy clusters is approximately 
equal to the sum of  the constituent vacancy pairs 



Carbon Chains in Niobium 

BEC (eV) -0.35 -0.88 -0.51  0.07 

BENbC (eV) -0.03 -0.24  0.45  1.35 
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  Longer chains quickly become unfavorable 

  C-H in Nb spontaneously dissociates 

  Is a surface or surface-like defect, such as a grain boundary, 
required for chain formation? 



Carbon Clustering in Niobium 

BEC (eV) -0.77 -1.84 -0.32 

BENbC (eV) -0.45 -0.88  0.64 

19 
Denise Ford, ANL December 16, 2014 

  Favorable for C to cluster  

  C can form Cottrell atmospheres around niobium lattice  
vacancy-type defects 



Application to SRF Cavities 

  Decrease in DOS at the Fermi level for interstitial C is 
similar to interstitial O 
-> This may allude to a similar decrease in Tc  
-> Effect is mitigated as C absorbs near Nb lattice vacancy-type 

defects 

  Lower solubility of  C in Nb than the other interstitial 
impurities and strong attraction to vacancy-type defects 
indicates that C will likely be found near these sites 

  NbC is an electron-phonon superconductor with an 11 K 
Tc, so its formation is not detrimental like NbH 

20 
Denise Ford, ANL December 16, 2014 



Interface Properties 
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  Broadening of  acoustic states at the interface alludes to 
possible changes in superconductivity  
-> needs further investigation 



Summary 

  First-principles calculations have shed light on 
important physical processes occurring in the 
material of  SRF cavities 
  The interactions between H, O, and niobium lattice 

vacancy-type defects play an important role in the low 
temperature anneal 

  O, N, and C can trap H and prevent detrimental 
hydride phase formation 

  Subtle differences in the interactions between O, N, 
and C with niobium lattice vacancy-type defects may 
have important effects on niobium’s properties  

  The interfaces between niobium and impurity 
precipitates may affect superconductivity  
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Thank you! 
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and its temperature dependence is given by 
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#! is approximately the geometric mean of #!$ and #!%. The relation between #!% and ,&' 

given by Eq. (66) indicates the following temperature dependence of the Ginzburg-

Landau coherence length, which is valid at temperatures lower than (!
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FIG. 16. Phase diagram of type-I (left) and type-II (right) superconductors. 

 

 

In 1963 Saint-James and de Gennes [42] showed that superconductivity can persist in 

a surface layer of thickness -,&' of a superconductor in contact with an insulator, even in 

a magnetic field whose strength is sufficient to drive the bulk material normal. This 

happens up to a field called #!*. The value of #!* depends on the angle the applied field 

makes to the surface and is maximum when the applied field is parallel to the surface. In 

this case #!* = 1.695#!% while it is equal to #!% when the field is perpendicular to the 

                                                 

7 As a remainder, the dependencies given by Eqs. (48) and (49) are valid only close to (!. 
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Figure 2: The exponential drop of the magnetic field and the rise of the Cooper-pair density at a boundary between

a normal and a superconductor.

separated from the single-electron states by a temperature dependent energy gap Eg = 2!(T ). The critical
temperature is related to the energy gap at T = 0 by

1.76 kBTc = !(0) . (5)

Here kB = 1.38 · 10!23 J/K is the Boltzmann constant. The magnetic flux through a superconducting ring
is found to be quantized, the smallest unit being the elementary flux quantum

"0 =
h

2e
= 2.07 · 10!15 Vs . (6)

These and many other predictions of the BCS theory, like the temperature dependence of the energy gap
and the existence of quantum interference phenomena, have been confirmed by experiment and often found
practical application.

A discovery of enormous practical consequences was the finding that there exist two types of supercon-
ductors with rather di#erent response to magnetic fields. The elements lead, mercury, tin, aluminium and
others are called ’type I‘ superconductors. They do not admit a magnetic field in the bulk material and
are in the superconducting state provided the applied field stays below a critical field Hc (Bc = µ0Hc is
usually less than 0.1 Tesla). All superconducting alloys like lead-indium, niobium-titanium, niobium-tin and
also the element niobium belong to the large class of ’type II‘ superconductors. They are characterized by
two critical fields, Hc1 and Hc2. Below Hc1 these substances are in the Meissner phase with complete field
expulsion while in the range Hc1 < H < Hc2 they enter the mixed phase in which the magnetic field pierces
the bulk material in the form of flux tubes. Many of these materials remain superconductive up to much
higher fields (10 Tesla or more).

2.2 Energy balance in a magnetic field

A material like lead makes a phase transition from the normal to the superconducting state when it is
cooled below Tc and when the magnetic field is less than Hc(T ). This is a phase transition comparable to
the transition from water to ice below 0"C. Phase transitions take place when the new state is energetically
favoured. The relevant thermodynamic energy is here the so-called Gibbs free energy G. Free energies
have been measured for a variety of materials. For temperatures T < Tc they are found to be lower in
the superconducting than in the normal state while Gsup approaches Gnorm in the limit T ! Tc, see Fig.
3a. What is now the impact of a magnetic field on the energy balance? A magnetic field has an energy
density µ0/2 · H2, and according to the Meissner-Ochsenfeld e#ect the magnetic energy must be pushed
out of the material when it enters the superconducting state. Hence the free energy per unit volume in the
superconducting state increases quadratically with the applied field:

Gsup(H) = Gsup(0) +
µ0

2
H2 . (7)
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Figure 1: The low-temperature resistivity of copper, tin and YBa2Cu3O7.

Al Hg Sn Pb Nb Ti NbTi Nb3Sn
1.14 4.15 3.72 7.9 9.2 0.4 9.4 18

Table 1: Critical temperature Tc in K of selected superconducting materials for vanishing magnetic field.

its interior when cooled below Tc, while in stronger fields superconductivity breaks down and the material
goes to the normal state. The spontaneous exclusion of magnetic fields upon crossing Tc cannot be explained
in terms of the Maxwell equations of classical electrodynamics and indeed turned out to be of quantum-
theoretical origin. In 1935 H. and F. London proposed an equation which o!ered a phenomenological
explanation of the field exclusion. The London equation relates the supercurrent density Js to the magnetic
field:

!!" !Js = #nse2

me

!B (1)

where ns is the density of the super-electrons. In combination with the Maxwell equation !!" !B = µ0
!Js we

get the following equation for the magnetic field in a superconductor

!2 !B # µ0nse2

me

!B = 0 . (2)

For a simple geometry, namely the boundary between a superconducting half space and vacuum, and with
a magnetic field parallel to the surface, Eq. (2) reads

d2By

dx2
# 1

"2
L

By = 0 with "L =
!

me

µ0nse2
. (3)

Here we have introduced a very important superconductor parameter, the London penetration depth "L.
The solution of the di!erential equation is

By(x) = B0 exp(#x/"L) . (4)

So the magnetic field does not abruptly drop to zero at the superconductor surface but penetrates into the
material with exponential attenuation (Fig. 2). For typical material parameters the penetration depth is
quite small, namely 20 – 50 nm. In the bulk of a thick superconductor the magnetic field vanishes which is
just the Meissner-Ochsenfeld e!ect.

The justification of the London equation remained obscure until the advent of the microscopic theory of
superconductivity by Bardeen, Cooper and Schrie!er in 1957. The BCS theory is based on the assumption
that the supercurrent is not carried by single electrons but rather by pairs of electrons of opposite momenta
and spins, the so-called Cooper pairs. The London penetration depth remains invariant under the replace-
ments ns $ nc = ns/2, e$ 2e and me $ mc = 2me. The BCS theory revolutionized our understanding of
superconductivity. All Cooper pairs occupy a single quantum state, the BCS ground state, whose energy is

3

ρ
superconductor 

normal metal 

Niobium 
Tc = 9.2 K 
Bc1 = 174-190 mT 
Bc = 200 mT 
Bc2 = 390-450 mT 
λ = 32-44 nm 
ξ0 = 30-60 nm 

B = μ0H  
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Superconducting Radio-Frequency (SRF) Cavities 
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Material Properties 

σn: normal state conductivity;  Tc: superconducting transition temperature 

λL: London penetration depth;  l: electron mean free path   

ξ0: superconducting current coherence length for the pure material 

Operating Conditions 

T: temperature;  ω: frequency 
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