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Fabrication and Testing of Rutherford-type Cables for React and Wind Accelerator Magnets

P. Bauer, G. Ambrosio, N. Andreev, E. Barzi, D. Dietderich, K. Ewald, M. Fratini, A.K. Ghosh, H.C. Higley, S.W. Kim, G. Miller, J. Miller, J. Ozelis, R.M. Scanlan

Abstract— A common coil design for a high-field accelerator dipole magnet using a Nb3Sn cable with the React-and-Wind approach is pursued by a collaboration between Fermilab and LBNL. The design requirements for the cable include a high operating current so that a field of 10-11 T can be produced, together with a low critical current degradation due to bending around a 90 mm radius. A program, using ITER strands of the internal tin type, was launched to develop the optimal cable design for React-and-Wind common coil magnets. Three prototype cable designs, all 15 mm wide, were fabricated: a 41-strand cable with 0.7 mm diameter strands; a 57-strand cable with 0.5 mm diameter strands; and a 259-strand multi-level cable with a 6-around-1 sub-element using 0.3 mm diameter wire. Two versions of these cables were fabricated: one  with no core and one with a stainless steel core. Additionally, the possibility of a wide (22 mm) cable made from 0.7 mm strand was explored. This paper describes the first results of the cable program including reports on cable fabrication and reaction, first winding tests and first results of the measurement of the critical current degradation due to cabling and bending. 

Index Terms—Accelerator, superconducting magnet, superconducting cable, Nb3Sn. 

I.
Introduction

R
ecently, a number of Nb3Sn dipole magnets have been built and tested  in order to demonstrate the feasibility of using a brittle superconductor with a "cosine theta" winding approach [1]. The small bending diameters associated with the poles of cosine theta cross section dipoles require that the cable be wound in the unreacted condition in order to prevent damage to the Nb3Sn superconductor. An alternative design concept, the common coil design [2], utilizes flat pancake coils with large bending radii, and allows the consideration of a react and wind technique for fabrication of coils from Nb3Sn or other brittle superconductors. Several designs for 11 T common coil dipoles were developed at FNAL in the past year [3]. All designs utilize Nb3Sn wire, with a Jc (12 T, 4.2 K)=2000 A/mm2. The key feature of these magnets is the cable, which must be designed to bend around a 90 mm radius with a low degradation of the critical current (<15%). If the wire is reacted on a spool with twice the minimum coil bending radius, the maximum bending strain in the conductor will be equal in the straight section and in the ends of the magnet. The bending strain depends on the strand diameter used for the cable. In addition, the bending strain can be smaller or larger, depending on whether the layers of strands in the cable stick together or slide during cable bending. A R&D program [4] was launched to develop the optimal cable design for a react and wind common coil dipole. The strand chosen for the program was left-over ITER type wire manufactured by IGC. To keep bending strain below acceptable levels the strand diameter was restricted to (0.7 mm. The material was drawn to the nominal wire sizes and sent to LBNL for cabling. With the high current requirement for the magnet (15-20 kA) a high aspect ratio cable design was pursued. The cables produced for the test program are described next. 

II.
Prototype cable fabrication and reaction

Three cables with width 15 mm were chosen for evaluation: (1) a 41 strand cable with 0.7 mm diameter strands, (2) a 57 strand cable with 0.5 mm strands, and (3) a 259 strand cable with 0.3 mm strands. The 259 strand cable is made in two steps--a first stage 6-around-1 cable and a second stage consisting of 37 first stage elements cabled into the standard flat Rutherford-type cable (Fig. 1).

[image: image1.wmf]Fig. 1.   0.3 mm strand cable made from 37, 6-around-1, sub-elements. 
TABLE I

Cables for the react and wind cable r&d – dimensions in mm

Cable No.
Wire(
Str. No
Cable dimension
Core dimension
Min/max strain1

A1
0.7
41
15.04x1.22
none
0.170 / 0.365

A5
0.7
41
15.04x1.24
0.013x12.7
-||-

B1
0.5
57
15.01x0.86
none
0.122/0.260

B2
0.5
57
15.04x1.35
0.025x12.7
-||-

C1
0.3
7x36
15.05x1.53
0.013x12.7
0.196 / 0.4212

C2
0.3
7x36
15.05x1.51
none
-||-

D
0.7
60
22.22x1.25
none
0.170 / 0.365

All ITER type strands have a copper to non-copper ratio of 0.85. (1) Min/max strain refers to strand alone or 2 strand inter-layer bonding for a magnet with a minimum bending radius of 90 mm. (2) strains in cable C calculated for the 0.8 mm diameter sub-element. 

This, being the only way to produce a high current cable from 0.3 mm strands for our common coil magnet. In addition, a very wide (22 mm) cable, made from 60 0.7 mm strands was successfully made in view of a one-layer magnet design. Two versions of each cable were attempted (one with no core, and the other with a core of 316-L stainless steel). In addition several cable parameters were explored for each type of cable, including number of strands, amount of compaction, and strand tension. Once these parameters were optimized, cables of acceptable quality were produced for each type (listed in Table I).  However, the cables with a core were somewhat problematic, and cores of varying thickness were tried before successful cables could be made. It was found that cables should either be core-dominated (thick core) or strand dominated (thin core), the intermediate region of core vs. cable thickness resulting in strand-popping or core-buckling after release of the cabling tension. At least 10 m of each type of cable were produced for testing and evaluation. Long lengths of cable B1 (260 m) and A5 (70 m) were produced for coil winding experiments. 

In the react and wind approach, the strain at all stages of coil construction and operation must be considered. The first step is reaction on a metal spool. The important considerations here are (1) strand surface preparation so that the strands do not sinter together during reaction, (2) method of winding onto the reaction spool, i.e. layer or pancake winding, and (3) spool diameter. Coating the strands with a 
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Fig. 2.   Practice coil winding with cable B1.
synthetic lubricant (5% Mobil I in Naptha) during cabling was chosen as method for preventing the strands from sintering, since this method has been shown effective in previous studies [5]. Additionally the cross-contact resistance in cables with bonded strands would be very small, resulting in high loss and multipole hysteresis during ramping of the magnet. A pancake winding for heat treatment was chosen to avoid the hard way bend that is associated with the cable during layer winding. Heat treatments for all cables were successful. The synthetic oil lubricant proved to be an effective measure to prevent the sintering of the strands within the cable for all samples. After reaction, the cored cables, generated a noise during first time bending. The noise could be related to cracking or stick-slide motion of the core.
The change of cable dimensions during reaction is still being investigated. Recent measurements [6] on ITER type cables showed that in the “free” case the cable width  and thickness increase by 3% and 5% and that the cable contracts  longitudinally by 0.45 %. The cables listed in Table I partly confirmed these findings. However, the effect of reaction tooling on the dimensional changes of the cables is under investigation. An important result from the first heat treatment campaigns was that the cable dimensions remain uniform over the whole length of the cable. 


First winding tests for the common coil magnet have started recently. An insulation procedure for pre-reacted cables was developed. The insulation is wrapped around the cable with a low wrapping tension, so that the cable is not excessively bent. The cable is supported along all the way from the spools to the insulation device to avoid bending under its own weight. As insulation an E-glass tape (60 µm) with 12.5% overlap has been chosen as the lowest cost option. A picture of the first practice coil winding is shown in Fig. 2.

III.
Measurement of the cabling degradation

The cabling degradation was obtained via the comparison of critical current measurements on virgin strands and strands extracted from a cable. The measurements (Fig. 3) indicate, that the cabling degradation at 10 T in 0.5 and 0.7 mm diameter strands is 1-4% and 6-8% respectively. The 6-around-1 sub-cable was not degraded prior to cabling. After cabling the degradation of the 6-around-1 sub-cable is 16%!
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Fig. 3. Cabling degradation measurements on 0.3, 0.5 & 0.7 mm strands.
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Fig. 4.   Degradation of  1 mm (triangles) and 0.7 mm (squares & circles) ITER type strands due to a maximum bending strain of  0.15, 0.21 and 0.4%, compared to calculations (dashed) according to Ekin’s deviatory strain model, assuming an intrinsic filament pre-compression of 0.2%.

It was found that the cabling degradation is partly caused by a cross-sectional surface reduction of the strand during cabling [7]. It increases with magnetic field. Indications were found that the field dependent part of the cabling degradation can be described with Ekin’s deviatory strain model [8], assuming an additional compressive strain after reaction due to cabling of the order of 0.01%. Further investigation is required to support this hypothesis.

IV.
Measurement of the bending degradation

Measurements of the degradation due to bending in 0.7 and 1 mm diameter ITER strands, are shown in Fig. 4. The degradation is obtained by normalizing the critical current of a bent strand on the critical current of a similar un-bent strand. The measurement procedure and the sample-holder design are described elsewhere [4]. It can be seen in the plot that the agreement with Ekin’s model (in the short twist pitch limit) [8] is good, especially at low levels of maximum strain. 

A series of similar measurements on cables was started recently. To measure the critical current degradation of cables due to bending strain the following procedure was developed: 

[image: image5.wmf]
Fig. 5. Cable critical current sample-holder before insertion into test-station.
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Fig. 6. Critical currents of samples of cables A5  (here with a on virgin strand measurement extrapolated to the cable level) for different fields.

The cables were reacted bent and straightened before measurement in the cable test facility at NHMFL [9]. Results were compared with those of unbent samples. Fig. 5 shows a sample-holder[10] before insertion into the test-rig. The first test results on a series of cables of type A5 (made from 0.7 mm strands), reacted straight and bent (reaction spool diameter 290 mm), are shown in Fig. 6 [11,12]. Four samples reacted in the straight condition gave similar critical currents. Four samples, reacted in the bent condition, gave varying results. The calculated maximum strain in the “bent” samples was 0.18 or 0.42%, according to whether the two layers of strands in the cable were bending independently, or not. Fig. 7 shows these results normalized to the critical current of a virgin strand (hence free of cabling degradation), extrapolated to the cable (the strand was reacted with the cables). In addition, the measured cabling and bending degradation (see Fig. 3&4) are indicated as lines. As expected, the straight samples have only cabling degradation. The best performing bent sample of this series has only a small bending degradation, indicative of a bending strain determined by a single strand diameter rather than the cable thickness. The worst performing sample is degraded by ~25%, which, is more than the bending degradation found on strands for a max
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Fig. 7. Normalized Critical Current of 0.7 mm strand cables (A5) reacted straight and bent, compared to cabling and bending degradation measurements performed on strands (see Fig. 3 & 4). Upper line: cabling degradation only; 2nd and 3rd line from top: cabling plus bending degradation at 0.2% and 0.41% maximum bending strain; bottom line (dashed): bending degradation calculated[8] with max bending of 0.4%.
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Fig. 8.   Effect of transverse pressure on critical current (here normalized on its value at 20 MPa) for different fields. Sample A5 – with bending strain (full symbols), without bending degradation (open symbols). Dashed lines are calculated with Ekin’s model.

bending strain of 0.4%. However a calculated prediction of the bending degradation at that maximum strain (indicated in Fig. 7) level using Ekin’s model predicts an even larger degradation.

 Similar measurements on a cable of type C2 revealed (not shown here) a small bending degradation, indicative of a strain determined by the strand diameter (0.3 mm). Unfortunately, due to a large cabling degradation (see Fig. 3) this cable type presently is not optimal. Further samples with lower packing factors will be measured next. 

The n-values were 40 and higher for “straight samples” (in agreement with the n-values on the virgin strand), while in the bent samples they were ~ 20. 

V.
  Measurement of the transverse pressure effect

 Lorentz-force and vertical pre-stress, result in a large vertical pressure on the cables in a magnet. Fig. 8 shows the effect of pressure on the cable broad face on the critical current of an A5 sample (reacted bent). The pressure is applied with a hydraulic piston, provided in the magnet system of the NHMFL test station [9]. Fig. 8 shows that the critical current linearly decreases with pressure and that a degradation of ~10 % is found at 100 MPa at 11 T. The sensitivity to pressure increases with magnetic field, in agreement with Ekin’s formula for the strain sensitivity of Hc2 (dashed lines in Fig. 8). The calculated results according to Ekin were obtained with an intrinsic pre-compression in the strands of 0.2% (as before in the calculation of the bending degradation in strands) and an “average” bending strain of 0.3%. The pressure in the model had to be three times the nominal (average) pressure indicated in the plot. This can be explained by stress-concentration effects (e.g.) at the cable-edges. The labels in Fig. 8 indicate the measurement sequence, showing the reversibility of the pressure degradation effect. The n-values were not affected by pressure. Although only limited data were taken, there are hints that the pressure effect is similar in samples with and without bending strain (see open symbols in Fig. 8).

VI.
  Conclusion

Fermilab and LBNL are exploring the react and wind technique with Nb3Sn superconductor for a common coil accelerator magnet. To this end the critical current degradation of Nb3Sn cables subject to cabling, bending and transverse pressure was measured. Procedures for the cable fabrication, reaction and insulation were developed. LBNL produced prototype cables made from 0.3, 0.5 and 0.7 mm strands with and without core. The cables were reacted on a spool using synthetic oil to keep strands from sintering. The degradation due to cabling was measured: it varies between 5-7%. First measurements of the degradation due to bending agree well with predictions from literature. The cable results correlate well with separate strand measurements of cabling and bending degradation. The doubly transposed cable has a too large cabling degradation and its design has to be improved. Hints were found, that the use of a core can result in high degradation. More measurements are required for a better understanding of this behavior. The critical current degradation due to pressure on the cable broad face after cable bending was found to be linear (~1% per 10 MPa) and reversible. The next milestones for the react and wind R&D are the completion of cable and  winding tests and the test of a set of racetrack coils in a common coil configuration.
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0.7 mm straight no core run 1

0.3 doubly transp bent no core run 1

background field (T)

Ic (B)

Comparison run1 vs run2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Ic(B)selffieldcorr

		0		0		0

		0		0		0

		0		0		0

		0		0		0



0.7 mm bent no core run 2

0.7 mm straight no core run 2

0.3 doubly transp bent no core run 1

background field (T)

Ic (B)

0

0

0

0

0

0

0

0

0

0

0

0



ekincomp

		0.7 MM CABLES

		20 Mpa		self field factor:				0.0000266667

				8		9		10		11

		field		8.224		9.1826666667		10.148		11.1173333333

		bent wo/c run 2		8400		6850		5550		4400		2 best

		bent wo/c run 2		0.875141623		0.8682200281		0.8642689976		0.8572250771

		field		8.2376		9.1933333333		10.1589333333		11.1261333333

		straight wo/c run 2		8910		7250		5960		4730		1 best

		straight wo/c run 2		0.9308260258		0.920959437		0.9303529824		0.9235075179

		field		8.23776		9.1939066667		10.1586666667		11.1222666667

		straight wo/c run 1		8916		7271.5		5950		4585		1 average

		straight wo/c run 1		0.9314829209		0.9238007111		0.9287374286		0.8943483849

		field				9.1653333333		10.1310666667		11.1019333333

		bent w/c run 1				6200		4915		3822.5		2-average

		bent w/c run 1				0.783008591		0.762538826		0.74191246

		field		8.2373333333		9.1933333333		10.1573333333		11.1264

		straight w/c run 1		8900		7250		5900		4740		artifially changed to account for splice problem

		straight w/c run 1		0.9297312931		0.920959437		0.9206624752		0.9255205203

		STRANDMEASUREMENT FOR 0.7 MM

		corrfactor1mmto0.7mm:						0.52675

		cabling degradation						1

		B		virg str		virg. Cable not corr		virg		extract.																												polynomial parameters:

		6		690		28290		14901.7575		14901.7575																														A=		44352

		8		464.95		19062.95		10041.4089125		10041.4089125																														B=		-7382.6

		10		307.15		12593.15		6633.4417625		6633.4417625																														C=		489.3

		12		188.1		7712.1		4062.348675		4062.348675																														D=		-12.823

		0.3 MM CABLES

		STRANDMEASUREMENT FOR 0.3 MM

		corrfactor1mmto0.3mm:						0.09675		UNCHANGED FOR NOW - FURTHER REVISION NECESSARY !!

		cabling degradation						1

		B		virg str		virg. Cable not corr		virg		extract.

		6		690		178710		17290.1925		17290.1925

		8		464.95		120422.05		11650.8333375		11650.8333375

		10		307.15		79551.85		7696.6414875		7696.6414875

		12		188.1		48717.9		4713.456825		4713.456825

		self field factor:				0.0000266667

				8		9		10		11

				8.232		9.188		10.152		11.1152

		bent no core run 1		8700		7050		5700		4320

		bent no core run 1		0.7823488292		0.7708474495		0.7654897716		0.7247324564

																																						polynomial parameters:

																																								A=		51461

																																								B=		-8565.8

																																								C=		567.73

																																								D=		-14.878
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virg

bent wo/c run 2

straight wo/c run 2

straight wo/c run 1

straight w/c run 1

bent w/c run 1

µoH (T)

Ic(µ0H) (A)

0.7 mm ITER STRAND CABLES REACTED STRAND AND BENT, WITH AND WITHOUT CORE AT 20 MPa



		0		0

		0		0

		0		0

		0		0



virg

bent no core run 1

µ0H (T)

Ic(µ0H) (A)

0.3 mm ITER strand, doubly transposed cable, no core, reacted bent, 20 MPa

0

0

0

0

0

0

0

0



		0

		0

		0

		0



virg

magnetic background field (T)

critical current (A)

0

0

0

0



		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



bent wo/c run 2

straight wo/c run 2

straight wo/c run 1

bent w/c run 1

straight w/c run 1

µ0H (T)

Ic relative to extrapolated virgin strand

0.7 mm ITER strand cables - relative to virgin strand

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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		0

		0
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virg

magnetic background field (T)

Ic (B)  (A)

0

0

0

0



		0

		0

		0

		0



bent no core run 1

µ0H (T)

relative Ic to cable Ic extrapolated from virgin strand

0.3 mm ITER strand, doubly transposed cable, no core, bent condition, 20 MPa

0

0

0

0



		



virg

bent wo/c run 2

straight wo/c run 2

straight wo/c run 1

straight w/c run 1

bent w/c run 1

µoH (T)

Ic(µ0H) (A)



		0.7 MM CABLE MEASUREMENTS

		max bending strains:		0.18%		or		0.42%

		field		8.2213333333		9.1826666667		10.148		11.1173333333

		bent w/c		0.875141623		0.8682200281		0.8642689976		0.8572250771

		field				9.16		10.1310666667		11.1019333333

		bent w/c				0.783008591		0.762538826		0.74191246

		field		8.2373333333		9.1933333333		10.1573333333		11.1264

		straight		0.9297312931		0.920959437		0.9206624752		0.9255205203

		0.7 MM STRAND MEASUREMENTS

				6		8		10		12		15

		strand - 0.2% bending		0.9639536542		0.9512194658		0.9297994269		0.9078947368		0.8413461538

		strand - 0.41% bending		0.9232317291		0.9073179368		0.8782234957		0.8421052632		0.7403846154

		B		dia 0.7 mm  w/core		dia 0.7 mm  wo/core

		6		0.9566		0.9515

		10		0.9386		0.9218

		12		0.9304		0.9304

		15		0.9		0.84

				6		10		12		15

		strand - cabling		0.9515		0.9218		0.9304		0.84

		strand - 0.2% bending		0.9639536542		0.9297994269		0.9078947368		0.8413461538

		strand - 0.41% bending		0.9232317291		0.8782234957		0.8421052632		0.7403846154

		strand - 0.42% bending - calculated		0.885		0.797		0.726		0.547

		strand - cabling and 0.2% bending		0.917201902		0.8570891117		0.8447052632		0.7067307692

		strand - cabling and 0.41% bending		0.8784549902		0.8095464183		0.7834947368		0.6219230769

		strand - cabling and 0.42% bending - calculated		0.8420775		0.7346746		0.6754704		0.45948

		0.3 MM CABLE MEASUREMENTS

		max bending strains:		0.08%		or		0.26%		or		0.53%

		field

		bent wo/c

		field

		bent w/c

		field		8.2266666667		9.1853333333		10.152		11.1152

		bent wo/c		0.7823488292		0.7708474495		0.7654897716		0.7247324564

		0.3 MM STRAND MEASUREMENTS

		B		dia 0.3 mm w/core

		6		0.917383821

		10		0.9117647059

		12		0.8989547038

		14		0.8831168831

		BENDING DEGRADATIONS CALCULATED

				6		10		12		14

		strand - cabling		0.917384		0.911765		0.898955		0.883117

				6		10		12		15

		strand - 0.08% bending		0.984		0.971		0.961		0.93

		strand - 0.25% bending		0.941		0.894		0.856		0.751

		strand - 0.53% bending		0.842		0.724		0.633		0.416

		strand - cabling and 0.08% bending		0.902705856		0.885323815		0.863895755

		strand - cabling and 0.25% bending		0.863258344		0.81511791		0.76950548

		strand - cabling and 0.53% bending		0.772437328		0.66011786		0.569038515





		



strand - cabling and 0.2% bending

strand - cabling and 0.41% bending

strand - cabling

straight

bent w/c

bent w/c

strand - cabling and 0.42% bending - calculated

µ0H (T)

critical current degradation



		8.2266666667		6		6		6		6

		9.1853333333		10		10		10		10

		10.152		12		12		12		12

		11.1152		14



bent wo/c

strand - cabling

strand - cabling and 0.08% bending

strand - cabling and 0.25% bending

strand - cabling and 0.53% bending

µ0H (T)

critical current degradation

0.7823488292

0.917384

0.902705856

0.863258344

0.772437328

0.7708474495

0.911765

0.885323815

0.81511791

0.66011786

0.7654897716

0.898955

0.863895755

0.76950548

0.569038515

0.7247324564

0.883117



		



bent wo/c

strand - cabling

strand - cabling and 0.08% bending

strand - cabling and 0.25% bending

strand - cabling and 0.53% bending

µ0H (T)

critical current degradation



		



BENT

STRAIGHT

strand - cabling and 0.2% bending

strand - cabling and 0.41% bending

strand - cabling

straight

bent w/c

bent w/c

strand - cabling and 0.42% bending - calculated

µ0H (T)

normalized critical current
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Chart6

		6		8.224		8.2376		8.23776		8.2373333333

		8		9.1826666667		9.1933333333		9.1939066667		9.1933333333		9.1653333333

		10		10.148		10.1589333333		10.1586666667		10.1573333333		10.1310666667

		12		11.1173333333		11.1261333333		11.1222666667		11.1264		11.1019333333



virg

bent 2

straight 2a

straight 1a

straight 1b

bent 1

µoH (T)

critical current (A)

14901.7575

8400

8910

8916

8900

10041.4089125

6850

7250

7271.5

7250

6200

6633.4417625

5550

5960

5950

5900

4915

4062.348675

4400

4730

4585

4740

3822.5



rawdata

		20 Mpa		8		9		10		11

		0.7 mm bent no core run 2		8400		6850		5550		4400

		0.7 mm bent no core run 1		8912		7253		5950		4620

		0.7 mm straight no core run 2		8910		7250		5960		4730

		0.7 mm straight no core run 1		8990		7290		5970		4700

		0.3 doubly transp bent no core run 1		8700		7050		5700		4320

		stranddata

				strand		strand		strand		cable		cable		cable

		B		Ic 0.7 virg		Ic 0.7 extr w/c		Ic 0.7 extr wo/c		Ic 0.7 virg		Ic 0.7 extr w/c		Ic 0.7 extr wo/c

		6		392		375		373		16072		15375		15293

		10		179		168		165		7339		6888		6765

		12		115		107		107		4715		4387		4387

		15		50		45		42		2050		1845		1722





rawdata

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0

		0		0		0		0		0



0.7 mm bent no core run 2

0.7 mm bent no core run 1

0.7 mm straight no core run 2

0.7 mm straight no core run 1

0.3 doubly transp bent no core run 1

background field (T)

Ic (B)

Comparison run1 vs run2

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



Ic(B)selffieldcorr

		0		0		0

		0		0		0

		0		0		0

		0		0		0



0.7 mm bent no core run 2

0.7 mm straight no core run 2

0.3 doubly transp bent no core run 1

background field (T)

Ic (B)

0

0

0

0

0

0

0

0

0

0

0

0



ekincomp

		0.7 MM CABLES

		20 Mpa		self field factor:				0.0000266667

				8		9		10		11

		field		8.224		9.1826666667		10.148		11.1173333333

		bent 2		8400		6850		5550		4400		2 best

		bent w/c run 2		0.875141623		0.8682200281		0.8642689976		0.8572250771

		field		8.2376		9.1933333333		10.1589333333		11.1261333333

		straight 2a		8910		7250		5960		4730		1 best

		straight w/c run 2		0.9308260258		0.920959437		0.9303529824		0.9235075179

		field		8.23776		9.1939066667		10.1586666667		11.1222666667

		straight 1a		8916		7271.5		5950		4585		1 average

		straight w/c run 1		0.9314829209		0.9238007111		0.9287374286		0.8943483849

		field				9.1653333333		10.1310666667		11.1019333333

		bent 1				6200		4915		3822.5		2-average

		bent w/c run 1				0.783008591		0.762538826		0.74191246

		field		8.2373333333		9.1933333333		10.1573333333		11.1264

		straight 1b		8900		7250		5900		4740		artifially changed to account for splice problem

		straight w/c run 1		0.9297312931		0.920959437		0.9206624752		0.9255205203

		STRANDMEASUREMENT FOR 0.7 MM

		corrfactor1mmto0.7mm:						0.52675

		cabling degradation						1

		B		virg str		virg. Cable not corr		virg		extract.																												polynomial parameters:

		6		690		28290		14901.7575		14901.7575																														A=		44352

		8		464.95		19062.95		10041.4089125		10041.4089125																														B=		-7382.6

		10		307.15		12593.15		6633.4417625		6633.4417625																														C=		489.3

		12		188.1		7712.1		4062.348675		4062.348675																														D=		-12.823

		0.3 MM CABLES

		STRANDMEASUREMENT FOR 0.3 MM

		corrfactor1mmto0.3mm:						0.09675		UNCHANGED FOR NOW - FURTHER REVISION NECESSARY !!

		cabling degradation						1

		B		virg str		virg. Cable not corr		virg		extract.

		6		690		178710		17290.1925		17290.1925

		8		464.95		120422.05		11650.8333375		11650.8333375

		10		307.15		79551.85		7696.6414875		7696.6414875

		12		188.1		48717.9		4713.456825		4713.456825

		self field factor:				0.0000266667

				8		9		10		11

				8.232		9.188		10.152		11.1152

		bent no core run 1		8700		7050		5700		4320

		bent no core run 1		0.7823488292		0.7708474495		0.7654897716		0.7247324564

																																						polynomial parameters:

																																								A=		51461

																																								B=		-8565.8

																																								C=		567.73

																																								D=		-14.878
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bent 2

straight 2a

straight 1a

straight 1b

bent 1

µoH (T)

Ic(µ0H) (A)

0.7 mm ITER STRAND CABLES REACTED STRAND AND BENT, WITH AND WITHOUT CORE AT 20 MPa



		



virg

bent no core run 1

µ0H (T)

Ic(µ0H) (A)

0.3 mm ITER strand, doubly transposed cable, no core, reacted bent, 20 MPa



		



virg

magnetic background field (T)

critical current (A)



		



virg

magnetic background field (T)

Ic (B)  (A)



		



bent no core run 1

µ0H (T)

relative Ic to cable Ic extrapolated from virgin strand

0.3 mm ITER strand, doubly transposed cable, no core, bent condition, 20 MPa



		



virg

bent 2

straight 2a

straight 1a

straight 1b

bent 1

µoH (T)

critical current (A)



		0.7 MM CABLE MEASUREMENTS

		max bending strains:		0.18%		or		0.42%

		field		8.2213333333		9.1826666667		10.148		11.1173333333

		bent w/c		0.875141623		0.8682200281		0.8642689976		0.8572250771

		field				9.16		10.1310666667		11.1019333333

		bent w/c				0.783008591		0.762538826		0.74191246

		field		8.2373333333		9.1933333333		10.1573333333		11.1264

		straight		0.9297312931		0.920959437		0.9206624752		0.9255205203

		0.7 MM STRAND MEASUREMENTS

				6		8		10		12		15

		strand - 0.2% bending		0.9639536542		0.9512194658		0.9297994269		0.9078947368		0.8413461538

		strand - 0.41% bending		0.9232317291		0.9073179368		0.8782234957		0.8421052632		0.7403846154

		B		dia 0.7 mm  w/core		dia 0.7 mm  wo/core

		6		0.9566		0.9515

		10		0.9386		0.9218

		12		0.9304		0.9304

		15		0.9		0.84

				6		10		12		15

		strand - cabling		0.9515		0.9218		0.9304		0.84

		strand - 0.2% bending		0.9639536542		0.9297994269		0.9078947368		0.8413461538

		strand - 0.41% bending		0.9232317291		0.8782234957		0.8421052632		0.7403846154

		strand - 0.42% bending - calculated		0.885		0.797		0.726		0.547

		strand - cabling and 0.2% bending		0.917201902		0.8570891117		0.8447052632		0.7067307692

		strand - cabling and 0.41% bending		0.8784549902		0.8095464183		0.7834947368		0.6219230769

		strand - cabling and 0.42% bending - calculated		0.8420775		0.7346746		0.6754704		0.45948

		0.3 MM CABLE MEASUREMENTS

		max bending strains:		0.08%		or		0.26%		or		0.53%

		field

		bent wo/c

		field

		bent w/c

		field		8.2266666667		9.1853333333		10.152		11.1152

		bent wo/c		0.7823488292		0.7708474495		0.7654897716		0.7247324564

		0.3 MM STRAND MEASUREMENTS

		B		dia 0.3 mm w/core

		6		0.917383821

		10		0.9117647059

		12		0.8989547038

		14		0.8831168831

		BENDING DEGRADATIONS CALCULATED

				6		10		12		14

		strand - cabling		0.917384		0.911765		0.898955		0.883117

				6		10		12		15

		strand - 0.08% bending		0.984		0.971		0.961		0.93

		strand - 0.25% bending		0.941		0.894		0.856		0.751

		strand - 0.53% bending		0.842		0.724		0.633		0.416

		strand - cabling and 0.08% bending		0.902705856		0.885323815		0.863895755

		strand - cabling and 0.25% bending		0.863258344		0.81511791		0.76950548

		strand - cabling and 0.53% bending		0.772437328		0.66011786		0.569038515





		



strand - cabling and 0.2% bending

strand - cabling and 0.41% bending

strand - cabling

straight

bent w/c

bent w/c

strand - cabling and 0.42% bending - calculated

µ0H (T)

critical current degradation



		8.2266666667		6		6		6		6

		9.1853333333		10		10		10		10

		10.152		12		12		12		12

		11.1152		14



bent wo/c

strand - cabling

strand - cabling and 0.08% bending

strand - cabling and 0.25% bending

strand - cabling and 0.53% bending

µ0H (T)

critical current degradation

0.7823488292

0.917384

0.902705856

0.863258344

0.772437328

0.7708474495

0.911765

0.885323815

0.81511791

0.66011786

0.7654897716

0.898955

0.863895755

0.76950548

0.569038515

0.7247324564

0.883117
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strand - cabling

strand - cabling and 0.08% bending

strand - cabling and 0.25% bending

strand - cabling and 0.53% bending

µ0H (T)

critical current degradation
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strand - cabling and 0.41% bending
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bent w/c

strand - cabling and 0.42% bending - calculated

µ0H (T)

normalized critical current
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		6		6		6		6		6		6

		8		8		8		8		8		8

		10		10		10		10		10		10

		12		12		12		12		12		12
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