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Project Overview 

Introduction 

Fermilab is developing superconducting RF cavities for a future high-energy electron-positron linear 
collider as the next international, large-scale high energy physics discovery machine [1]. More than one 
year ago Fermilab and the Applied Superconductivity Center (ASC) of the University of 
Wisconsin-Madison (UW) joined forces to investigate high purity niobium used in the cavity fabrication. 
As a mission statement the work agreement between Fermilab and the ASC/UW states that the goal of the 
collaborative effort is: 

 
“…  to improve the understanding of the effects of chemical composition and surface topology (grain 

size, grain boundaries) in Niobium for superconducting RF applications and possibly to explain the 
so-called Q-slope observed in superconducting resonators.”   
 
Motivation 

The study of the magnetic properties of high purity niobium is extremely important for the 
advancement of the understanding of performance limitations of this material in the high gradient 
superconducting RF cavities for a future linear collider. During RF operation the high power RF fields 
penetrate only into a very thin layer on the surface of the cavity. This penetration layer is approximately 
50 nm thick. It is currently believed that the penetration of only a few magnetic flux quanta into this layer 
will lead to a break-down of the superconducting state as a result of local heating due to the oscillation of 
the flux lines in the RF fields. The onset of flux penetration is believed to occur, in the best case, at a field 
close (or related) to the thermodynamic critical field (~180 mT in niobium). No niobium-based cavities 
have surpassed that surface field to this date. Grain boundaries and normal-conducting defects are 
potentially regions of suppressed superconductivity, allowing the penetration of magnetic flux lines even 
at low external magnetic fields. Therefore we proposed that the assessment of the local shielding 
behavior of the superconductor in magnetic fields would be paramount for a better understanding of the 
performance limits of SRF cavities. The investigation of the effect of DC fields on local flux pentration, 
such as with magneto-optics is the first step in this direction. The magneto-optical technique, together 
with transport measurements across individual grain boundaries, can be used to quantify the possible 
suppression of superconductivity in grain boundaries or other surface defects. These two measurement 
techniques will be described next.     
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Magneto-Optics and Transport Measurements at the ASC/UW 

We have been the first to show that the magneto-optical technique, a remarkable tool that can image 
local field penetration into a superconductor, can be applied to the study of high purity Nb for SRF 
application. The magneto-optical (MO) technique is described in detail in [3]. It uses the strong Faraday 
effect in Bi-doped Y-Fe garnet to measure the vertical magnetic field component above a sample, in this 
case of superconducting material. The spatial resolution attained is ~5-10 microns. The garnet is placed 
on the face of the sample to retain the highest possible sensitivity. The technique is able to resolve fields 
of the order of 1 mT. The sample is typically a 5x5 mm2 rectangle. Via indirect cooling with a cold finger 
containing liquid helium, the sample temperature was held at temperatures between 5.6 and 7 K. An 
external solenoid is used to apply a vertical magnetic field on the sample. 
 

We proposed to also use grain-boundary critical current and grain boundary resistance (in the normal 
state) measurements to further support the magneto-optical measurements of the penetration of RF 
magnetic flux. The grain-boundary critical current measurements (as a function of external field) give an 
independent assessment of flux penetration into the grain boundaries. Normal state grain boundary 
resistivity measurements measure the electron scattering at the grain boundaries and therefore give 
further information about the grain boundary properties. These so-called transport measurements are best 
performed in bi-crystal samples, that is samples which consist of two single crystals separated by a grain 
boundary. The experiments then consist of the measurement of the current/voltage characteristic of each 
grain and the grain boundary. 
 
ASC/UW and Fermilab Collaboration Overview 

The ASC/UW and Fermilab have agreed to collaborate on the study of the magnetic properties of bulk 
niobium for SRF cavities using magneto-optics, transport measurements, XPS and microscopy. 
According to the agreement, Fermilab will be responsible to provide samples for the studies conducted at 
the ASC/UW. Both parties share the efforts related to analysis and publication.  

 
The following project goals have been defined: 
 
1) to improve the understanding of the effect of the chemical composition and topology of the surface, 

in general, and the grain boundaries, in particular, of state of the art high purity niobium for SRF cavities, 
including e-beam weld regions, on the capability of the material to shield magnetic flux; 

2) to provide quantitative estimates of the grain-boundary critical currents and grain boundary 
resistance (in the normal state) such as further characterize grain-boundaries; 

3) to correlate surface and grain-boundary chemical composition with the RF performance of SRF 
cavities, such as for instance for the case of the observed improvement of performance following a low 
temperature, in situ bake-out;  

 
To achieve the above-defined goals a series of samples need to be provided to the ASC/UW, which are 

optimized for the use of various measurement techniques, such as magneto-optics and transport 
measurements, without compromising the chemical condition of the surface. In particular we would like 
to test samples of the following type: 

 
1) samples representative of the e-beam weld region in the cavities (MO, SEM and XPS); 
2) samples representative of the non-weld region in the cavities (MO, SEM and XPS); 
3) single crystal samples to study grain boundary free material (MO, SEM and XPS); 
4) bi-crystal samples for transport measurements of the grain boundary properties (transport, SEM 

and XPS); 
5) samples obtained via sputtering of niobium on a copper substrate to study very small grain material 
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(MO, SEM and XPS); 
 
The samples should be prepared with different degrees of completeness (e.g. mechanically deformed 

and deeply etched vs mechanically deformed, deeply etched and heat treated, … etc) such as to allow 
measurement of the evolution of the magnetic and transport properties during the fabrication of the 
cavities. The polishing variants, i.e. using chemical etching and electro-polishing, should also be 
differentiated. Furthermore this series of experiments should also include the low temperature bake 
(~120C, 50 hrs) that was recently shown to improve cavity performance significantly.      

 
Broader Impact 

One of the primary goals of this work will be to introduce a graduate student, trained in 
metallurgy/materials science, to the field of superconducting cavities. The Applied Superconductivity 
Center has been very successful in training students who have gone on to make valuable contributions to 
superconducting materials fabrication in both industry and laboratories. 
 
Progress Report 

Of the sample sets indicated above the initial work, started in 9/01/05 concentrated on: 
3) single crystal samples to study grain boundary free material (MO, SEM and XPS); 
4) bi-crystal samples for transport measurements of the grain boundary properties (transport, 
SEM and XPS); 
 
Prior Work 
Before the start of this program we had presented a detailed metallographic and magneto optical 
(MO) characterization of bi-crystal samples cut from a large grain billet slice. This slice was 
supplied to us by TJNAF. Kneisel, Ciovati, Myneni and co-workers at TJNAF have fabricated two 
superconducting cavities from the center of a large grain Nb billet manufactured by CBMM. Both 
cavities had excellent properties [1] with one attaining an accelerating gradient of 45 MV/m (2 K) 
after a 48 h and 120 °C bake [2] One side had been given sufficient BCP treatment at TJNAF to 
reveal the grain boundary locations but some residual marks from cutting could still be seen. The 
reverse side was in the rough-cut condition which necessitated further mechanical polishing 
followed by etching so that we could determine the locations of the boundaries after traversing the 
thickness of the slice. The 3-dimensional geometry was then determined at the UW and bi-crystal 
regions cut accordingly. Out investigations of these grain boundaries, reported in detail in [3], 
revealed that: 
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1. MO Imaging shows premature flux penetration at a perpendicular grain boundary in an 
as-received slice of Nb with residual cold work on surface. This behavior occurs at 8.1-20 mT 
(7.5 K), much lower that Hc1 (Figure 1). 
2. The premature flux penetration behavior observed in perpendicular boundary sample (Figure 
2: Bi-Crystal Region 1) does not appear to be topologically related, as much larger topological 
features do not to cause this behavior for the other samples. 
3. Initial resistivity measurements indicate grain boundary weakness for Bi-Crystal Region 1. 
 
Work under this contract: 
 
1.) Bi-crystal samples characterized in the as-received state were sent to FNAL for BCP removal of 
surface layers. Quantification of the surface topology is to be performed by the graduate student at 
FNAL in the 2nd week of January 2006. 
6 new samples cut from bi- and tri- crystal regions. These samples sent to FNAL for complete 
processing through standard schedule. 
 
2.) MO performed on samples following BCP procedure at FNAL (no heat treatment or secondary 
BCP) 
In Figure 3 we compare the perpendicular boundary sample for Bi-Crystal Region 1 before BCP and 
after BCP. The light microscope images of the top surfaces (Figure 3 left) indicate a deeper grain 
boundary groove after BCP. Premature flux penetration is observed at the grain boundary in both 
conditions but the penetration is diverted in the BCP sample. No surface features were observed that 
correlate with the location of this diversion. 
The flux diversion shown in Figure 3 is further investigated in Figure 4, where the sample has bee 
zero field cooled, ZFC to 8.3 K. As the field is increased from 9 mT through to 9.5 mT the diversion 
of the flux penetration observed in Figure 3 is continued as the penetration increases. 
Prior to the beginning of this work we had performed all our observation under perpendicular 

 
Figure 2: Sample Locations for Phase 1. 
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magnetic field, which is the conventional mode for this type of observation. We have now extended 
our Magneto Optical investigations to in-plane applied field – which is closer to the conditions in a 
SRF cavity. In Figure 5 we show images obtained in this condition for the perpendicular bi-crystal 
sample. Now the feature that causes the flux diversion is again apparent – and yet this feature is not 
visible under conventional microscopy. 
 
3) TEM specimen preparation for investigation of grain boundary chemistry initiated. Nb found to 
be too soft for conventional grinding to thin sheet. Diamond saw successfully used to cut 2 mm 
perpendicular bi-crystal slice samples into two ~1 mm thick samples. EDM at FNAL to be 
investigates to create 3 mm TEM disk for final polishing. 
 
4) Gold contacts strips sputtered onto to BCP’ed bicrystal bar for resistivity measurements (figure 
6). 
 
We are excited by the new insights into the superconducting behavior offered the combination of 
magneto optical, conventional imaging and transport measurements and our collaboration with 

 
 
Figure 3: Perpendicular boundary sample for Bi-Crystal Region 1 (top) before BCP and (bottom) 
after BCP. The light microscope images of the top surfaces (left) indicate a deeper grain boundary 
groove after BCP. Premature flux penetration is observed at the grain boundary in both conditions 
but the penetration is diverted in the BCP sample. 
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FNAL combined with excellent raw material from TJNAF. 
 
Publication During Year 1 

"Grain boundary flux penetration and resistivity in large grain niobium sheet,"P. J. Lee, A. A. 
Polyanskii, A. Gurevich, A. A. Squitieri, D. C. Larbalestier, P. C. Bauer, C. Boffo, H. T. Edwards, 
paper TuP54 presented at the 12th International workshop on RF Superconductivity (SRF 2005), 
Ithaca, NY, USA, July 10-15, 2005, accepted for publication in Physica C. 
http://homepages.cae.wisc.edu/~plee/pubs/TuP54_SRF05+banner.pdf 
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and Single Crystal Niobium Cavities,” presentation MoP09 at SRF05, Ithaca, NY, July 12, 2005. 

[2]  Pierre Bauer et al., “An Investigation of the Properties of BCP Niobium for Superconducting RF 
Cavities,” "Pushing the Limits of RF Superconductivity" workshop, Argonne National Laboratory 
Report ANL-05/10, Ed. Kwang-Je Kim and Catherine Eyberger, pp 84-93, March 2005. 

[3] "Grain boundary flux penetration and resistivity in large grain niobium sheet,"P. J. Lee, A. A. 
Polyanskii, A. Gurevich, A. A. Squitieri, D. C. Larbalestier, P. C. Bauer, C. Boffo, H. T. Edwards, 
paper TuP54 presented at the 12th International workshop on RF Superconductivity (SRF 2005), 
Ithaca, NY, USA, July 10-15, 2005, accepted for publication in Physica C. 
http://homepages.cae.wisc.edu/~plee/pubs/TuP54_SRF05+banner.pdf 

Second year Project Activities and Deliverables 

Continued MO, microscopy and transport measurements as in year 1. New samples added: 
1) samples representative of the e-beam weld region in the cavities (MO, SEM and external XPS 

 
 
Figure 4: Magneto optical images (Zero Field Cooled to 8.3 K) of the perpendicular boundary 
sample for Bi-Crystal Region 1 after BCP. As the field is increased from 9 mT through to 9.5 mT the 
diversion of the flux penetration observed in Figure 3 is continued. 
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collaboration desired); 
2) samples representative of the non-weld region in the cavities (MO, SEM and external XPS 
collaboration desired); 

Third year Project Activities and Deliverables 

Continued MO, microscopy and transport measurements as in year 1. New samples added from 
initial proposal: 
5) samples obtained via sputtering of niobium on a copper substrate to study very small grain 

material (MO, SEM and external XPS collaboration);  

Budget justification: Institution 1 

The activities outlined above will involve Fermilab staff members, whose salaries are not included in 
the budget request below. The budget request only includes salaries for the ASC/UW staff members 
participating in this study. The quoted amount includes a  
4% of annual time Peter Lee to co-ordinate work at UW. 
6% research fraction of Anatolii Polyanskii to train student and make magneto-optical 
measurements. 
$500 of travel towards student travel to FNAL and TBD Midwest Cavity Group Meeting. 
$2,629 of supplies including liquid Nitrogen, liquid helium and metallographic supplies and $200 of 
publication charges for year 2 ($2,051 + $200 year 3). 

 
 
Figure 5: Magneto optical images of the perpendicular grain boundary sample with in-plane applied 
field. In this mode the flux diverting feature (not visible in conventional microscopy) is again 
apparent under H = 60 mT at 8.4 K. 

 
Figure 6: Bi-crystal resistivity sample with new Au contacts after BCP treatment at FNAL. 
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$5,663 tuition remission charge for graduate student (25% of graduate student pay) in year 2 and 
$5775 in year 3). 
We have accepted an offer from NHMFL/FSU to move the Applied Superconductivity Center to 
Tallahassee (Figure 3). The enhanced support we will receive from both FSU and NHMFL will make 
it easier to maintain our leadership in superconductor research and we will strengthen our ability to 
continue this work. 
 

Two-year budget, in then-year K$ Institution: Institution 1 

Item 
 

Second year 
 

Third year 
 

Total 
Yr2+Yr3

Professionals 
Graduate Students 
Undergraduate Students 

8.805 
22.650 
0 

8.980 
23.10 
0 

17.785 
45.75 
0 

Total Salaries and Wages 
Fringe Benefits* 

31.455 
8.883

32.080 
9.059

62.878 
17.942 

Total Salaries, Wages and Fringe Benefits 
Equipment 
Travel 
Materials and Supplies 
Other direct costs 
Institution 2 subcontract 

40.338 
0 
0.500 
2.829 
5.663 
0 

41.139 
0 
0.500 
2.051 
5.775 
0 

81.477 
0 
1.0 
4.981 
11.438 
0 

Total direct costs 
Indirect costs** 

49.430 
20.570 

49.465 
20.535 

98.895 
41.105 

Total direct and indirect costs 70 70 140 
* =  Fringe rates are 34% of professional salaries and 26% of graduate students 
** = Indirect cost is 47% overhead charged to direct costs excluding graduate student tuition remission charge (tuition 
remission is $5,663 for year 1 and $5775 for year 2). 

 


