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Presenter
Presentation Notes
Overview:  In this talk we demonstrate the rather remarkable extrapolation capabilities of a new fitting equation derived from fundamental raw scaling data, without a priori  assumptions. 
It is determined from the analysis of thousands of Ic measurements, in a wide range of Nb3Sn conductors.

The equation, the extrapolative scaling expression (ESE), provides the prospect to save considerable time and expense in characterizing practical conductors.  Four new extrapolation capabilities are illustrated with practical examples for Hi-Lumi, ITER, and NMR applications. 

Team effort:  I’d like to thank my co-authors for their considerable work on this project over the past four years, especially our NIST statistician Jolene Splett who helped analyze altogether in excess of 20k Ic data.  I’d also like to acknowledge the contributions of a number of insightful pre-submission reviews, in particular Matt Jewell, Denis Markiewicz, Arup Ghosh, Mike Field, Tae Pyon, and Ian Pong.

Helpful suggestions and comments were also provided by many participants at the MEM13 conference, including Damian Hampshire for contributing data via his website to this extensive analysis, Arno Godeke and Matthias Mentink on the role of compositional inhomogeneities, and Pierluigi Bruzzone for his challenging and provocative query about extending the application of this fitting equation to extrapolating single Ic(B) curves.  This led to quite a journey, and an answer at the end of this talk.






Organization of Talk 

1.   Context for Extrapolative Scaling Expression (ESE, or “easy”) 
           Result of three SUST invited topical reviews: 
         Part 1 – Organization of many parameterizations of USL into separable parts 
         Part 2 – Derivation of ESE from raw scaling data (> 4000 Ic measurements) 
        Part 3 – Applications 
 
2. Focus on new extrapolation capabilities made possible with ESE 
 Emphasis on concatenation of errors (not included in SUST articles) 
 Illustrate with practical conductors: HL-LHC, ITER, NMR cryo-cooled magnets 
 
3.   Suggestions for future research 
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Presentation Notes
The ESE relation is the result of three SUST invited topical reviews, starting with Part 1 published in 2010.

Part 2 is the hard work of deriving the ESE relation.  It is strictly data-based from fundamental raw scaling data, without any assumptions about which parameters are constants or need fitting (because they are conductor specific).

Part 3 is the pay-off of Part 2, where we apply the relation.

In this presentation, we focus on applications, including analysis of concatenated errors not published in the SUST articles.

Both Parts 2 and 3 have been accepted for publication in SUST and are in production.





Pinning force curves FP (B,T,ε) =  Ic(B,T,ε) B 
 

Fundamental Scaling 

No master scaling curve 

Red     4.2 K 
Green    8 K 
Blue     12 K 

Global Fitting Equations 

Two approaches in use to analyze Ic(B,T,ε) 

Extrapolation capability 

Curve registration 

Interpolation only 

All we get 

Ic(B,T, ε) B  =  C [bc2(ε0)]s  x 

x (1 – t ν)η–μ (1 – t 2)μ  bp(1–b)q  1) FPmax(T,ε) 

2) Bc2
*(T,ε) 

 

(c)  Curves scaled using 
global-fit values for Bc2(T,ɛ) 
and FPmax(T,ɛ) 

Master scaling curve 

Red     4.2 K 
Green    8 K 
Blue     12 K 

(b)  Curves scaled using 
raw scaling data for Bc2(T,ɛ) 
and FPmax(T,ɛ) 

(a)  Pinning force curves 
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To set the background, we emphasize that two approaches have evolved for applying unified scaling diagramed in this slide: 

1. Fundamental scaling, in which pinning force curves at different temperatures T and strains ε, are registered by normalizing their values at Fpmax and x-axis intercepts Bc2*.  The functional dependences of Fpmax and Bc2* on T and ε give us raw scaling data.

     N.B. Formation of master curve is quite useful – one FP curve can in principal extrapolate them all, if we know Fpmax(T, ε) and Bc2*(T, ε).

2.  The other approach is to postulate a fitting equation and simultaneously fit all the adjustable parameters to the entire ensemble of Ic data.  If the resulting Fpmax and Bc2* values are calculated from the fitted parameters and the curves normalized with these values, no master scaling curve results.  Why?  Because of the interaction of fitting so many parameters simultaneously.  With the loss of a master scaling curve, extrapolation capability is also lost, so these fitting equations are useful for interpolation only.
     



    ESE is a fitting equation for the 3-dimensional Ic(B,T,ε), which is: 

     1.  Derived from an extensive one-time analysis of raw scaling data.  

     2.  But simply applied as a fitting equation (without analyzing raw scaling data). 

     3.  And, unlike present fitting equations, it has the extrapolation capability of 
               fundamental scaling. (Reason? – based on master scaling curves; it is not 
 empirical or semi-empirical) 
 
     Because no theoretical assumptions were made in its derivation, the results also 
              serve to evaluate underlying semi-theoretical  models for general par. of USL 
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Definition of the ESE relation.






True Scaling 

Ic(B,T,ε) B  = C bc2(ε)s (1 – t 1.5)η–μ(1 – t 2)μ  bp(1–b)q  

            reduced variables:  b ≡ B/Bc2
*(T,ε) and t ≡ T/Tc2

*(ε) 

            where:  Bc2
*(T,ε)/Bc2

*(0,0)  =  (1 – t 1.5) bc2(ε)  

                           Tc
*(ε)  =  Tc

*(0) bc2(ε)1/3 

ESE Fitting Equation 

Derivation of the Extrapolative Scaling Expression (ESE) 

• Extrapolation capability 

Registration gives: 

1) K (T,ε) 

2) Bc2
*(T,ε) 

• Extrapolation capability 
• But, in an easy way 

 Raw data 
Scaling Constants 
Fitting Parameters 

Three scaling constants: 
    w = 3.0 ± 0.03 
    v = 1.5 ± 0.04 
    u = 1.7 ± 0.1  

Stable with respect to: 
    - conductor type 
    - trim factors 
    - p and q values 
    - magnetic self-field correction 
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Derivation of ESE in one slide.

The 3 scaling constants derived from extensive analysis of the separable parts of K (T,ε) (proportional to Fpmax) and Bc2*(T,ε) are observed to be robust and stable with respect to a number of factors, listed in the slide.











a b 

Magnetic Self-field Correction 
Needed for comparisons -- short-sample data, different apparatus, magnetization 

 
Large effect on flux-pinning curve, BUT: 

Not corrected Corrected 

1. FP curves still scale into master curve 
2. Scaling constants w, v, and u unchanged by SF correction 
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Magnetic self-field correction is important, and we encourage its use in all published data; 
-- needed for evaluating magnet performance from short-sample Ic data
-- comparing data between different apparatus in different laboratories
-- relating transport data and magnetization data
Corrections for different sample holder shapes are calculated by Bordini in a CERN internal publication, and in Cheggour et al. ITER benchmarking paper, 2017: 

As seen in slide, the magnetic self-field correction adjusts all the scaled data to higher magnetic fields.

However, the Fp curves still scale into a master scaling curve when corrected, even though the shape of the master curve changed:

Equally significant:  Scaling constants effectively unchanged (< ~1%)





Bottom line:  raw scaling analysis gives:   

Extrapolative Scaling Expression (ESE), the “easy” fit.   

Most useful form: 
   Ic(B,T,ε) B  = C bc2(ε)s (1 – t 1.5)η–1(1 – t 2)  bp(1–b)q      

where b ≡ B/Bc2
*(T,ε) is the reduced field, and  t  ≡ T/Tc

*(ε) is the reduced temperature  

 Bc2
*(T,ε)/Bc2

*(0,0)  =  (1 – t 1.5) bc2(ε)       

 Tc
*(ε)  =  Tc

*(0) bc2(ε)1/3      

and fitting parameters C & Bc2
*(0,0),  and 4 core parameters Tc

*(0), s, η, & C1 (in bc2(ε)). 
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Three factors deserve special emphasis:

Exponent s is not a constant s=1 (as is assumed in the present non-extrapolative fitting equations).  
     -- For binary Nb3Sn (1980),  observed s = 1 ± 0.3, with a large range of ~ 30%.  
     -- In ternary, however, observed values are generally s >1 (1981-1983).  
     -- For ITER conductors, s = ~ 1.4 (Cheggour et al. benchmarking paper)

2) Temperature part of the Unified Scaling Law prefactor needs to have at least one fitting parameter to be generally applicable.

3) All of the strain functions work to interpolate the strain function bc2(ε), but practical differences exist.   






Hybrid temperature models with η fitted (Durham) and μ = 1 (Twente) have  

the following advantages: 

• Overall fitting accuracy 
• Parameter consistency (η variability < half that of μ) 
• Extrapolation capability to temperatures below 4 K (~1 % errors)    

 

Exponential strain model for bc2(ε): 
• One fitting parameter C1 (strain sensitivity index, default values) 
• 3-D strain capability 
• Extrapolation capability to high compressive strains   
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The Hybrid temperature models [Hyrid1 (with η fitted and μ = 1) and a variant, Hybrid2 (with η fitted and μ = η/2)] are the most useful, mainly because they have:
     -- the greatest consistency (i.e., small parameter variability, which makes it significantly easier to set default values when needed
     -- proven extrapolation capability from T > 4 K to T < 4 K over the entire range of conductors measured.  
This is very useful for extrapolating transport data from above 4 K to below 4 K, where heating effects and instabilities usually become an issue.

The Exponential strain function for bc2(ε) has two practical features:
-- only one fitting parameter C1, which serves as a useful strain sensitivity index, and also makes it easy to set a default strain parameter value.
-- the unique ability to extrapolate moderate-strain data to high compressive strains.





Applications of the Extrapolative Scaling Expression (ESE) 

Extrapolation capability in four new areas: 

1. Five-fold reduction in measurement space: extrapolate minimum dataset 
 (reduces weeks for full Ic(B-T-ε) measurements to a few days) 

2.     Combination of data from separate T and ε apparatuses 
 (offers flexibility and productive use of limited data) 

3.     Full Ic(B,T,ε) extrapolation from as little as a single Ic(B) curve  
 (useful for production sample measurements,  e.g., HL-LHC, FCC) 
4. Interpolation with option for nearby extrapolations  
 (with default core parameters) 

N.B. -- Fitting FP, not Ic .  Errors consistently one-fifth ! 
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Turn to applications of ESE:

Important:  All fitting is performed by minimizing the RMS error in the pinning force Fp, not the critical current Ic:
     The latter procedure unduly weights the low field data where Ic is highest; (this is not the regime where magnets are usually designed).
      Errors at individual data points are consistently measured to be 1/5th as large with Fp fitting.  

We now consider extrapolation capabilities in 4 new areas. 
 
First is a 5 fold reduction in the measurement space needed for full Ic(B-T-e) measurements.
This is done by extrapolating minimum datasets, as illustrated in next slide.
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Strain-Temperature Location Plot, Oxford Wire 
(Measurements by L. F. Goodrich and N. Cheggour)
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Minimum Dataset for extrapolating full Ic(B,T,ε) characteristics – derived from scaling  
Visualize with T-ε measurement map 
5-fold reduction in measurement space 

OST-RRP® 
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The minimum dataset is easiest to visualize by introducing a T-ε measurement map.  Each location in this plot represents a set of Ic vs. B measurements (B can be viewed as going into the plane of the slide), all taken at the strain and temperature corresponding to that point in the map (about a thousand Ic measurements for the large OST-RRP dataset shown here). 

With such a plot, the minimum dataset consists of 2 cuts through the T-ε map, shown by the orthogonal dashed lines at 4 K and zero applied strain (any other orthogonal cuts would also work, but these 2 are the most convenient for measurement, enabling the measurements to be made even in separate dedicated strain and temperature rigs, as we will see).   This min. dataset derived from raw scaling data is similar to that introduced by the Twente group, except theirs consisted of Ic(B,T) and just Ic(B) [instead of Ic(B,e)], because that was all that was needed to fit the non-extrapolative fitting equation they were using.

From the measurement of only these data, ESE can be used to extrapolate all the other points in the map, a ~5 fold reduction in measurement space.

We have also tried extrapolating the entire dataset from 3 cuts through the T-ε map, and the result was no effective reduction in the RMS errors (changes in the third decimal place), thus indicating that 2 cuts are indeed optimum.

So, what are the errors of such min. dataset extrapolations?  We evaluated errors by extrapolating the minimum dataset (the two dashed lines) out to the entire dataset.  As a first example, we looked at predicting the variable temperature data within the red vertical rectangle at ~-0.45% applied strain (equivalent to ~-0.75% intrinsic strain).  Results shown in the next slide.



 
 

Minimum dataset extrapolation with ESE-Hybrid  model  

ε = ‒0.445 % 
WST-ITER 

 I c  
(A

)  

 Self-field corrected B (T) 

1.9 K 

10 K 

4 K 
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The predicted Ic (B) curves are remarkably accurate, with some errors starting to be seen in this WST-ITER dataset at high temperatures (~12 K), well away from the fitted minimum dataset.

We ran almost a hundred such tests, and the RMS FP errors were between 0.11 % and 0.14 % for ESE with both the Hybrid1 and Hybrid2 temperature parameterizations.  

In fact, the increase in the effective RMS Ic error at 12 T between measuring the entire dataset vs. extrapolating it from the min. dataset was less than ~ 1 A.  Thus, there is essentially no gain in measuring the entire dataset as far as fitting accuracy, compared with measuring only the 2-cut minimum dataset: Ic(B,T) and Ic(B,ε).  



Applications of the Extrapolative Scaling Expression (ESE) 

Extrapolation capability in three new areas: 

1. Five-fold reduction in measurement space for unified B-T-ε apparatuses 
 (reduces weeks for full Ic(B-T-ε) measurements to a few days) 

2.     Combination of data from separate T and ε apparatuses 
 (offers flexibility and productive use of limited data) 

3.     Full Ic(B,T,ε) extrapolation from as little as a single Ic(B) curve  
 (useful for production measurements,  e.g., HL-LHC, FCC) 
4. Interpolation with option for nearby extrapolations  
 with default core parameters 
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Furthermore, these two measurements of Ic(B,T) and Ic(B,ε) can be measured in separate T and ε apparatuses, provided the samples are matched w.r.t. heat doping, architecture, and heat treatment.

This provides flexibility and productive use of more limited data.









Combining limited datasets (examples in Part 3) 
Core parameters – depend only on ratios of raw scaling data. Very stable. 

Transfer among similar conductors (same comp., config, and heat treatment) 
 

Core Parameters 

Min. dataset 

Single Ic(B) curve 
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The capability of combining more limited datasets from separate measurements is shown in this table, with dataset types listed in order of increasing simplicity.

Rows 2 and 3 are just the minimum dataset.  Together they give the complete dataset shown in the first row.  Other combinations also work well to give a complete dataset.   In the Part 3 SUST topical review, we give an example for combining Ic(B,T) and Ic(ε) measured in our lab in separate apparatuses. No other data were available, but with the value of s = 1.4 measured for all the ITER conductors in the benchmarking study, we were able to obtain a complete Ic(B,T,ε) dataset by combining these two partial datasets. 
 
Thus, a quick simultaneous fit of ESE to both datasets gives complete conductor characterization, which would not have been possible otherwise.

We noticed in compiling many sets of ESE parameter values that the four core parameters listed in the middle of this table were extremely stable, changing by less than ~1% between similar conductors.

With values of these core parameters, it should be possible to extrapolate the entire Ic(B,T,ε) dataset from just a single Ic(B) curve (as seen in row 6 of this table).  This was the question raised by Pierluigi mentioned at the outset of this talk.
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Single Ic(B) curve extrapolation 

 

OST-RRP® 
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Here is an example of such a single Ic(B) curve extrapolation for the RRP conductor.  Knowing the 4 core conductors, we evaluated the errors for extrapolating all ~1000 Ic data points from just the single Ic(B) curve, denoted by the blue circle in the slide.





 
 

Single Ic(B) curve extrapolation, Core parameters from min. dataset >4 K 

ε = 0.035% 
OST-RRP 
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Single Ic(B) curve extrapolation from 4.07 K and 0.035 % strain  
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p  p    g  c( )       
ESE with exponential bc2(ɛ) and hybrid h(t) model 

 
 

Tc*(0)=16.92 K, η=2.23, s=1.01, εl0 = -0.35, C1=0.77, p=0.5, q=2.27 
Fit Fp,  RMSE = 0.099% 

Single Ic(B) curve extrapolation 
From point in T-ε map at 4.07 K and 0.035 % strain  

Core parameters from minimum dataset 
 I c  

(A
)  

 Self-field corrected B (T) 

RMSE = 0.117% 
RMSE Ic12T =  ~5A 

ε = 0.035% 
OST-RRP 
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Again, the results were surprisingly accurate, from 12 K down to the lowest temperature measured, 2.45 K.  All data were extrapolated from just the 5 points shown as the 4 K Ic(B) curve labeled “single curve source data” 

RMS pinning force errors were only 0.12% and the effective RMS Ic error a 12 T was only ~5A (errors were lower, ~1 A, for moderate-Jc conductors).



0

4

8

12

16

-1 -0.5 0 0.5

Strain-Temperature Location Plot, Oxford Wire 
(Measurements by L. F. Goodrich and N. Cheggour)

Te
m

pe
ra

tu
re

 (K
)

Applied Strain (%)

Each point is a complete 
plot of I

c
-B (and F

P
-B)

Liquid He
temp.

Zero applied 
strain

 
Single Ic(B) curve extrapolation 

Core parameters from min. dataset with data only > 4 K 

Single Ic(B) curve 

Try to predict 

IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2016. 
Invited presentation 5MOr1A-01 given at ASC 2016; Denver,Colorado,USA, September 4 – 9, 2016.

16

Presenter
Presentation Notes
Now we make it harder, and try to extrapolate data below 4 K from a single Ic(B)curve at 4 K, and core parameters determined with a minimum dataset using only data only above 4 K.   So no measurements below 4 K were used in the extrapolation, either for the single Ic(B) curve or for the core data used in the extrapolations.  
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Single Ic(B) curve extrapolation, Core parameters from min. dataset >4 K 

 
 

Single Ic(B) curve extrapolation from 4.07 K and 0.035 % strain  
Core par. from minimum dataset, using data only > 4 K (combine 3 extrapolations) 
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Again, the results show excellent extrapolation accuracy, down to the lowest temperature (2.45 K).  Only a 1 A increase in the effective RMS Ic12T error was observed.  Similar results were obtained with the Luvata conductor where measurements were made down to ~2.2 K.  

Notice in this example that we are concatenating three errors:  1) extrapolations from a single Ic(B) curve, 2) core parameters extrapolated from a minimum dataset, and 3) using minimum dataset measurements only above 4 K to extrapolate Ic data below 4 K. 

Such extrapolations from a single Ic(B) curve would be particularly useful for full characterization of production conductors by extrapolating just a relatively simple liquid-He dip test at 4 K and zero applied strain.
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Single Ic(B) curve strain extrapolation  

Core par. from minimum dataset, using data only > 4 K 

Single Ic(B) curve 
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One final test, where we make it even harder by looking at low temperatures (2.45 K) and high strains out at -0.75% applied (corresponding to about -1.05% intrinsic strain), which is well away from the fitted single Ic(B) curve. 



 
 

T = 2.45 K 
OST-RRP 

 C
rit

ic
al

 C
ur

re
nt

  (
A)
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Single Ic(B) curve strain extrapolation from 4.07 K and 0.035 % strain  
Core parameters from minimum dataset, using data only > 4 K 
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Again, remarkably low errors for extrapolations this far away from the source data and without any core parameter data below 4 K. 




Caveats: 
 
1. Evaluated intrinsic errors for predicting the non-core parameters from a single 

Ic(B) curve 
 

2. Extrinsic errors need to be minimized.  Core parameters determined from: 
• Samples with similar configuration, doping, and heat treatment  
      (e.g., production samples). 
• Similar sample holders (minimize strain variability) 
      Matching material preferred (thermal contraction strain) 
      Continuously soldered preferred to provide good FL support 
      Cu-Be holders easy solution (avoids unsupported conductor settling) 
 
 If control extrinsic errors, such extrapolations quite effective for similar 
conductors. 
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Caveat: In these examples, we have evaluated intrinsic errors for predicting non-core par from a single Ic(B) curve.

For this to be accurate, extrinsic errors also need to be minimized.  That is, the core parameters need to be determined from a similar conductor
-- similar configuration, doping, and heat treatment (which is usually the case for production samples)
-- measurements in the different apparatuses need to have known strain states, which requires that strain variability from sample mounting and cooldown thermal contraction be matched, or at least calculable from sample-holder thermal contraction data, such as those measured by Cheggour the sample holders used in the ITER benchmarking study.  

An easy way to match and control strain from the sample holder is to use Cu-Be holders in both the production measurements and in the more complex apparatus used to determine the core parameters.  Samples can be soldered to the Cu-Be, thereby giving good support for Lorentz forces and avoiding conductor settling into the grooves of a Ti-alloy sample holder, for example.

Bottom line:  if extrinsic errors are controlled, such extrapolations can be quite effective for efficient characterization of similar conductors.



Applications of the Extrapolative Scaling Expression (ESE) 

Extrapolation capability in three new areas: 

1. Five-fold reduction in measurement space for unified B-T-ε apparatuses 
 (reduces weeks for full Ic(B-T-ε) measurements to a few days) 

2.     Combination of data from separate T and ε apparatuses 
 (offers flexibility and productive use of limited data) 

3.     Full Ic(B,T,ε) extrapolation from as little as a single Ic(B) curve  
 (useful for production measurements,  e.g., HL-LHC, FCC) 
4. Interpolation with option for nearby extrapolations  
 with default core parameters when data limited 
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We’ll just touch on the last capability, which is interpolations.  Such interpolations with ESE provide the added option of reliably extrapolating limited measurements to the nearby measurement space, if reasonable core parameter values are available.  OR if not available, then default core parameter values can be used to carry out extrapolations to at least the neighboring measurement space.
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Regarding such default values, we have compiled the start of a catalog of the core parameter values for the conductors we have tested, and these are given in an appendix to the Part 3 SUST invited article.

We see in this slide that the core values cluster around common values, so with time we may be able to build up a catalog of these important core parameters for different types of conductors with regard to such variables as doping, filament configuration, external vs. distributed diffusion barriers, etc.



Survey of core values for fully optimized ternary high-Jc Nb3Sn  average 
default values: 
 
    Tc

*(0) = 16.7 K   
     η = 2.0 (ITER) – 2.2 (RRP) 
     s =  1.2 (RRP) – 1.4 (ITER)  
     p =  0.5 and q = 2.0.   
 
Additional meas.  “catalog” by generic conductor category 
                                 (e.g., Ti vs. Ta doping, RRP, internal Sn, etc.) 

Default Core Parameters 
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In general, we see the core parameters cluster around the average values shown here:
    Note that values of the critical temperature parameter η are about 2 for the moderate-Jc ITER conductors, but increase to a little more that 2.2 for the RRP-Ta doped high-Jc conductor.
    Values of s, on the other hand, are about 1.2 for the RRP conductor, and increase to about 1.4 for the ITER conductors.

Again, with additional measurements, we should be able to build up a “catalog” of core values and start to correlate them with conductor properties, such as those listed.
 




Future Work 
Immediate need: (huge dividends) 
1. * Measure Ic(B,T) above 4.2 K for at least one conductor of the 
 RRP and PIT production wires for the Hi-Lumi (to obtainTc* and η).  
Longer term: 
2.  Compile core parameters in different types of Nb3Sn – catalog values 
3.  Evaluate accuracy of ESE in extreme regions of B-T-ɛ  space for magnet modeling 
4.  Magnetization vs. transport Ic data 
5. Assess if scaling constants hold for artificial-pinning-center architectures 
6. ESE relationship for BSCCO, MgB2, Nb3Al, YBCO?  (master curve  extrapolation) 

Conclusion 
• ESE is based on fundamental raw scaling data 
• But unlike fundamental scaling, applied as a fitting equation– quick, straightforward 
• Simple, robust, and  
• Can interpolate and extrapolate with excellent accuracy  significant time savings 

Excel source data & ESE spreadsheet tool at www.ResearchMeasurements.com  
SUST invited topical review articles 

IEEE/CSC & ESAS EUROPEAN SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2016. 
Invited presentation 5MOr1A-01 given at ASC 2016; Denver,Colorado,USA, September 4 – 9, 2016.

24

Presenter
Presentation Notes
Future scaling research:  Particularly important is the core temperature parameter, because with this and a reasonable estimate of Tc*, highly reliable temperature extrapolations for transport data can be made from routine 4 K measurements to the low temperature needed for applications such HiLumi magnets (1.9 K)

In practice, Ic(B,T) is one of the most useful measurements to make, at least for one sample of a given conductor type.  There is an immediate need for such measurements on at least one conductor of the RRP and PIT production wires for HiLumi to provide measured core parameters for these conductors. 

Other future scaling research areas are listed, with particular emphasis on artificial-pinning center architectures as they are developed.  I am quite hopeful that ESE or an extrapolative scaling expression with similar parameters will work for such APC conductors.  This is especially so, given the success of the ESE relation to fit data corrected for magnetic self-field, even though there was a shift in the master scaling curve shape.  Also, the shift recently seen by the Vienna group when point pins are introduced into Nb3Sn conductors with radiation still resulted in temperature scaling into a master scaling curve.  

The other area for future scaling research is the development of an extrapolative fitting equation for high-Tc  and other conductors where master scaling curves have been observed.  Whenever a master scaling curve can be formed, extrapolation is possible, because one Fp curve can, in principle, predict them all.  
This is the defining property of scaling and it is powerful.  BUT, the development of such an equation needs to be derived from a large base of raw scaling data, with the procedure and sequence used in the Part 2 SUST article.

So in conclusion, the ESE fit is based on fundamental raw scaling data, but unlike fundamental scaling, it is quick and straightforward to apply as a fitting equation.
It is simple, robust, and can interpolate and extrapolate with excellent accuracy.  This offers the prospect for significant time savings in conductor characterization and magnet development.

EXTRAS:  Complete Excel files of source data and raw scaling data for this study are posted in the supplemental website accompanying this work, www.ResearchMeasurements.com.  An ESE scaling spreadsheet is in process and will also be posted.



http://www.researchmeasurements.com/
http://www.researchmeasurements.com/
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