
S. B. Roy
Materials & Advanced Accelerator Sciences Division

Raja Ramanna Centre for Advanced Technology, Indore 

Collaborators: 
L. Sharath Chandra, M. K. Chattopadhyay, P Prakash, V. C. Sahni, G. R. Myneni,  
D. Kanjilal, A. Roy .

R&D on Large Grain Niobium Materials for SCRF-Cavity 
Applications



EM field will accelerate & impart 
energy to the charge particles if they 
are in phase with the electric field. 

‘An RF power source’ fills the
RF cavity via a ‘coupler’.

Radio Frequency (RF) Cavity



Dissipated power:

For copper at 300 K 1.3 GHz, Rs Copper= 9.4 mΩ

For bulk Nb at 2K  RBCS ∼ 10 nΩ

High Quality Factor: Q = (Stored energy)/(Dissipated power)    &

As high a gradient as possible

Superconducting RF cavities excel in applications where 
one needs ‘continuous wave or long-pulse’ acceleration 
with gradients above a few million volts per meter (MV m-1)

What do we want from a good RF cavity ?



•Tuning superconducting properties of a suitable material  for    
fabrication of an energy efficient and cost effective SCRF 
accelerator structure.

• Achieving reliability and reproducibility in the SCRF cavity 
performance. 

• Gain knowledge and experience to venture into newer energy 
efficient and superior materials. 

• Elemental Niobium with superconducting transition temperature   
of  ~9.2 K is currently the material of choice for SCRF cavity 
fabrication.

Superconducting Materials R&D for SCRF 
Technology: Overall Aim 



Niobium SCRF Cavities: Limit of their performance 



Extrinsic effects
• Surface roughness, grain boundaries → Electrical break down; ↓Gradient
• Impurities → Depress superconductivity, increase Rresidual.
• Surface Oxides → Suspected to degraded SC response?? NO
• Field emission and multipacting → Quenching of the Cavity.

Most of these problems are solved
with proper cavity shape, and chemical 
treatment and cleaning of cavity surface.
Field emission free 1.3 GHz Tesla type 
cavities reaching up to 30-35 MV m-1

are obtained regularly in various labs.

Is it the upper limit of achievable gradient ? 
Answer is No! 

Materials and surface issues in Niobium SCRF cavities



1.    A critical RF magnetic field above which the perfect SC state is destroyed
-- limits the Accelerating Field or Gradient. 

2.   The surface resistance as predicted by the microscopic BCS  theory.
-- limits Quality Factor Q.

Two fundamental limits for  Niobium SCRF cavities 

• For good quality Nb material HC1 ~ 1.8-1.9 kOe
at 2K.

• For a 1.3 GHz Tesla type elliptical cavity operating 
at 2K, this will correspond to a maximum gradient 
of ~ 50 MV/m

But Nb elliptical 1.3 GHz SCRF cavities 
operating at 2K seldom reaches > 40 MV/m?!



Open Issues:
(1) What is the RF critical magnetic field in 

Niobium? Is it
– Thermodynamical critical field-Hc or field 

for first flux line penetration-HP?
– How does it depend on temperature?

(2) Why does the RF surface resistance of 
niobium increase sharply at high RF 
magnetic field?

-- High-field slope in the quality factor-
Q-slope

HC1

Puzzles and Open Issues in Niobium SCRF cavities

Puzzles: 
• All cavities fabricated in the same way do not give high gradients. 

• Cavity gradient seldom reaches above 40 MV/m.

• Recent report of a 9 Cell Tesla type cavity reaching 45 MV/m 

http://en.wikipedia.org/wiki/Image:SRF_Cavity_Q_vs_E_1.png�


• Current approach mainly relies on improving the residual resistivity ratio (RRR) of 
the Nb. Involves expensive Niobium refinement process.  

• High RRR Nb + right cavity shape + chemical treatment 
⇒ Low extrinsic (+ surface) defects, so cavity loss reduces. 

• High RRR, however, does not  necessarily say how good are the superconducting  
properties of Niobium & at best gives indirect information on thermal conductivity. 

• RRR of Nb material in the formed SCRF cavity will be significantly different from 
the RRR of starting Nb-sheet metal. So will be the thermal conductivity !

Nb for SCRF cavity fabrication: Material qualifying criterion

RRR = R300K/R10K



SCRF Materials R&D: 
Approach of a Condensed Matter Physicist

Superconducting Critical Fields and Surface Resistance



• External magnetic field is expelled below a 
lower critical field limit HC1.

• In a type-I superconductor above Hc1 normal 
state is reached.

• In a type-II superconductor magnetic field 
penetrates the materials above HC1 in the form 
of quantized flux lines; the material remains 
superconductor until a upper critical field HC2

• HC1<H<HC2 => Abrikosov lattice or Vortex 
state => important for high critical current (Jc)  
applications  e.g. SC magnets.

• H < HC1 => Meissner state, important for RF 
superconductivity applications.

Critical Fields in a Superconductor

Niobium is a type-II superconductor



Surface Resistance in a Superconductor

Response of a superconductor in ac field is described by two fluid model:
• Cooper pairs form superfluid.

• Unpaired electrons form normal fluid. Source of power dissipation in ac field.

BCS Surface resistance 

• Surface resistance depends exponentially on temperature.

• Surface resistance depends to the square of frequency.



Role of the field of first flux-line penetration HP and surface 
resistance RBCS and how they may be varying with,

(1) the methods of Nb materials preparation, grain size ?

(2) the surface chemical treatment of Nb: Electro-polishing versus    
Buffer Chemical Polishing ? 

(3) thermal treatment -- annealing temperature and time ?

Points to be examined (in Niobium & other Sc materials)



What is our Aim ?

• Through an understanding of the microscopic properties of 
the materials treated differently we can possibly identify SC 
materials, which will give best performance.

• An effective SCRF materials qualification scheme using HC1
or Hp and RBCS since those set limits on achievable SC-RF 
accelerating gradients and Quality factor.



Materials R&D on large grain Niobium: 
Some results



Comparison of Superconducting Transition Temperature in 
Large grain and Fine Grain Niobium-Materials 

Supercond. Sci. Tech. Vol. 21 065002  (2008); Vol. 22 105014 (2009)

• Superconducting transition temperature of fine grain and large grain samples of Niobium 
in pristine  conditions has been  determined through magnetization measurements.

• Average grain size: Large grain (> 1 mm) ; Fine grain (~ 50 micron)

• TC of pristine large grain 
Niobium  ~ 9.2K, measured 
in H= 100 Oe.

• TC of pristine fine grain 
Niobium  ~ 9.25 K, measured 
in H= 100 Oe.



Effect of Chemical Treatment on Superconducting Transition 
Temperature of Niobium-Materials

Supercond. Sci. Tech. Vol. 21 065002  (2008); Vol. 22 105014 (2009)

Superconducting transition temperature of large grain samples of 
Niobium in pristine  conditions as well as after chemical and thermal 
treatments has been  determined through magnetization.

• TC of pristine large grain 
Niobium  ~ 9.2K, measured 
in H= 100 Oe.

• TC of chemically treated  
large grain Niobium~9.05K, 
measured in H= 100 Oe.



Effect of Chemical Treatment on Critical Fields of Niobium-
Materials used in SCRF Cavity Fabrication

Supercond. Sci. Tech. Vol. 21 065002  (2008); Vol. 22 105014 (2009)

HC1 and HC2 of fine grain, large grain samples of Niobium in pristine  
conditions as well as after chemical and thermal treatments has been  
determined through magnetization measurements.

• HC1 of pristine Nb ~ 1800 Oe at 
2K.

• HC1 of buffer chemical polished  
(BCP) Nb is reduced  to ~ 1200  
Oe.

• HC1 recovers to  ~ 1400 Oe with 
1200 C bake. 

• SCRF cavity prepared with 
such BCP Nb would reach 
maximum 30-35 MV/m.



Possible causes of degradation of superconducting properties 
of Niobium due to  chemical treatment

• Chemical reactions during chemical treatment release gaseous atoms of O and H, which 
diffuse into bulk of Niobium and resides in the interstitial positions or defect structures.

• There exist experimental evidence that such interstitial atoms causes degradation of  
superconducting properties of Nb.

• If bulk superconducting properties get affected, the surface superconducting properties 
are likely to be even more vulnerable.  



Comparison of superconducting properties of electropolished
and buffer chemical polished Niobium-Materials. 

• HC1 of EP-Nb material is higher 
than that of BCP-Nb material.

• This is in consonance with the 
fact that accelerating gradient 
achieved in EP-Niobium SCRF 
cavities are > 35 MV/m.

• Electropolishing seems to be less 
harsh on Nb than Buffer Chemical 
polishing!

–“By now there exists compelling evidence that the BCP process limits the attainable 
accelerating fields of multicell cavities to about 30 MV/m even if niobium of excellent 
thermal conductivity is used.” L. Lilje et al (DESY) arXiv Physics:0401134v1



Electrical resistivity and thermal conductivity of large grain 
Niobium

Residual resistivity ratio
RRR ~ 200

Resistivity vs Temperature plot

Thermal Conductivity vs Temperature plot

Chemically untreated sample of Large Grain Nb



Temperature and magnetic field dependence of thermal 
conductivity of superconducting large grain Niobium

• Normal state κ (T) of BCP treated Nb is lower (by 10%) than that of pristine  Nb.

• Both Tc and HC1 of BCP treated Nb is lower than the pristine Nb.

• A small but distinct dip in κ (T) is observed at HC1

κ vs T Plot κ vs H Plot



Effect of Ta Impurities on the SC Properties of Nb

• Higher Ta impurity only marginally affects SC properties both in pristine and
chemically treated Nb samples. This effect is much less than the chemical treatment.

• A less refined Nb material may be deployable for cavity applications, provided the
inclusions of Ta does not influence the surface conductivity of Nb significantly.

AIP Conf. Proc. Vol 1352 56 (2011)

Significant amount of money and resources are being spent in Nb refinement.



Correlation between microscopic 
superconducting properties and the 

performance of superconducting resonator



Temperature dependence of the superconducting properties of 
the e-beam welded part of fine grain Niobium

• Electron beam welded (EBW) joints are part and parcel of the SCRF cavities.

• EBW regions are often exposed to high magnetic field in a SCRF cavity. 

• Our study shows that the superconducting onset temperature of Niobium does not    
get affected by EBW process.

• SC response of NB does not depend significantly on the types of EBW process.

M vs T plot of Step-joint Nb M vs T plot of Butt-joint Nb

Phys. Rev. ST Accel. Beams Vol 14 12201 (2011)

Average grain size:
50 micron



Isothermal magnetic field dependence of the superconducting 
properties of the e-beam welded part of fine grain Niobium

• Critical magnetic fields of Nb does not 
change by EBW process.

• Superconducting response of Nb does    
not depend significantly on the different 
types of EBW process.

M vs H plot of Nb at 4K M vs H plot of Nb at 2K

Phys. Rev. ST Accel. Beams Vol 14 12201 (2011)



Comparison with the performance of a Quarter Wave Resonator

Q vs Accelerating Gradient plot

• QWR fabricated with the same Nb materials at 
IUAC, New Delhi and installed in the 
superconducting LINAC.

• The resonator has more than 30 EBW joints.

• Limiting accelerating gradient is close to the 
intrinsic limit of accelerating gradient as 
predicted from the measured value of Hp in 
the EBW and elctropolished samples of Nb. 

Phys. Rev. ST Accel. Beams Vol 14 12201 (2011)



Superconducting properties of the e-beam welded joint of large 
grain Niobium

• Bead-on-plate has been made on a flat plate of large grain Nb.

• Temperature and magnetic field dependence of the superconducting properties 
of this EBW joint have been studied.

• Comparison has been made with a similar bead-on-plate of fine grain Nb material. 

M vs T plot: Large grain Nb M vs T plot: Fine grain Nb



Superconducting properties of the e-beam welded joint of large 
grain Niobium :Contd.

M vs H plot: Large grain Nb M vs H plot: Fine grain Nb



Concluding Remarks

• Initial studies of superconducting properties of large grain Nb 
materials indicate that they are at least as good as the fine grain Nb 
materials currently employed in SCRF cavity fabrication.

• There exist indications that relatively impure (RRR < 200) large grain 
Nb may be deployed to achieve large accelerating gradient in Nb 
SCRF cavities.  

• Superconducting surface resistance properties of large grain Nb 
needs to be investigated for the upper limit of achievable Q.



• Which one is most influential: HC or HP ?

• Does upper critical field HC2 (or HC3) play any role in the SCRF cavity ?

• Thermal instability in superconducting properties of Nb 
– flux jump in Nb → role of thermal conductivity

• Detailed study of surface resistance of superconductors RBCS in applied 
magnetic fields. 

• Nb thin films → Nb-coated Copper cavities.

• Newer materials : MgB2 ,Nb-Zr, Nb-Al, Mo-Re alloys etc. 

Ongoing and future works : Fundamental physics & newer SCRF 
materials
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THANK YOU
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