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Early in the HGQ program, winding tests were done at FNAL with cable to understand the effects of different combinations of strand lay direction and winding direction.  This was done to determine the preferred lay and winding directions for the HGQ coils.  Inner and outer cable were wound in both the “favorable” and “unfavorable” direction.  (See Appendix “A” for definitions of “favorable” and “unfavorable” winding direction for superconducting cable).  Results are, by nature, qualitative.


Winding tests done in 19961 found there was a noticeable difference between the winding directions in HGQ cable, with the "favorable direction", as defined in Appendix A, superior.  These results, however, were not conclusive for several reasons.  

1) Winding was done on early cable, not optimized for size, compaction,  number of strands, stability or windability.  

2)  Optimal winding and hold-down tooling was not yet in place.

3)  Optimized end parts were not yet fabricated.


  Later tests with left lay cable, done with the proper tooling and end parts, were done in 1997 and 1998 to determine whether left lay inner cable would be acceptable for HGQ production magnets.


A total of 25 inner coils have been made with right lay cable (of three different reels) wound counterclockwise (favorable direction)  This cable has proved to be acceptable and has been used for HGQ01-HGQ04.  


3 coils were wound with left lay cable (all the same reel, LBL#614, Teledyne manufactured strand).   The first (HGQi009) was wound by Don Nurczyk and Jeff Brandt.  Jeff Brandt's notes describing the winding experience of  HGQi009 are shown in Appendix B.  Results were inconclusive.  A qualitative description of the experience is, “probably a little more difficult and problematic than right lay, but can be done".


Two more coils (HGQi013 and HGQi019), were wound with this same reel of left lay cable, by Imre Gonczy and Don Nurczyk.  Problems in winding (such as tendency for strands to pop) was reduced in these coils, partly through winding experience.  They were both wound without incident.  The qualitative conclusion from the technicians was that the left lay cable is acceptable for HGQ magnets.  


All three left lay coils were measured azimuthally at a range of pressures from 56 to 99 MPa.  Azimuthal size was found to be similar to coils wound with right lay cable and cured under the same conditions.  (i.e., similar measured coil size, same cavity size, same cable insulation).  Coil azimuthal size, modulus of elasticity and other relevant data for inner coils are shown in Appendix C.


Compression tests were done on all three coils to determine whether any turn-to-turn shorts existed.  Every section of each coil (both body and ends) was compressed to 83MPa while monitoring resistance.  One turn-to-turn short was found in the lead end of coil HGQ013.  This short may or may not have been the result of excessive handling, since many months passed between winding and end compression testing of this coil.  No other shorts were found in the body or ends of any of the three left lay coils.


Conclusion is that left lay cable can probably be used for HGQ coils.  We recommend that one or two short models be built with left lay cable to make the final determination.  If these magnets are acceptable, we can use left lay cable for the HGQ production magnets.  

Appendix A
Winding Direction Definitions  R. Bossert  11-17-95

1.) If the strands in a cable spiral clockwise as one is moving into the cable (like a right handed screw thread) the cable is defined as "right lay" cable. 

2.) If the strands in a cable spiral counterclockwise as one is moving into the cable (like a left handed screw thread) the cable is defined as "left lay" cable.

3.) In all cases, regardless of cable lay and winding direction, if the strands are stable as they are entering the end, they are unstable as they are exiting.  The opposite is also true, that if the strands are unstable as they are entering, they are stable as they are exiting.

4.) In all cases, regardless of cable lay and winding direction, it is preferable to have the strands stable when the cable is exiting the end.  

5.) If right lay cable is wound clockwise, the strands are unstable as the cable exits the end.

6.) If right lay cable is wound counterclockwise, the strands are stable as the cable exits the end.

7.) If left lay cable is wound clockwise, the strands are stable as the cable exits the end.

8.) If left lay cable is wound counterclockwise, the strands are unstable as the cable exits the end.

9.) Therefore, if right lay cable is used, the favorable direction to wind a coil is the counterclockwise direction.  Conversely, if left lay cable is used, the favorable direction is clockwise.

Appendix B
Winding Results of HGQi009

J. Brandt 11-7-97

Coil HGQi009 Winding    Results








Coil was wound to test winding left lay cable.

















Cable reel #LHC-3-T-00614








Inner cable laft Lay/38 strand








Teledyne Manufactured Strand

















 Cable Insulation: .375 x .001 inch bare kapton with 50% overlap








surrounded by .188 in. wide x .002 in. thick kapton with QIX  








polyimide adhesive with 2mm gaps.

















Coil wound by Jeff Brandt and Don Nurczyk.  Notes taken by J. Brandt  








except 1st turn.

















Winding Notes:

















1st turn on return end and 1st turn on lead end.









Wound adequately.  Wound by D. Nurczyk.








Jeff Brandt arrived after 1st turn.
















2nd turn around Return End Key









Wound well, no swelling, no popped strands, hump around .060








About the same as right lay cable.








80lb. Tension, .002 gap
















2nd turn around Lead End Key









Some swelling.  Popped strand at start of turn exit.  Lowered tension








to 40 lb., backwound, reclamped, wound at 40lb.  Wound okay, 








wanted to pop, pushed back in, retensioned, reclamped, tapped back okay.
















3rd turn around RE Key









Wound well, very little swelling.  Hump about .040in.-.050in.








80 lb. Tension, .003 gap.
















3rd turn around LE key









Enclose filler, wound OK - No swelling or popped strands.








80 lb. Tension

















Installed RE spacer - No trouble.








Drilled holes for spacers/pins against fingers.








Cut wedge on "A: side.  Clamped. OK.








Cut wedge on "B" side.  








Installed LE spacer - No trouble.
















4th turn around RE (1st around spacer)









Wound OK, some swelling at turn exit, strand wanted to pop








but didn't.  Tapped back OK.








80 lb. Tension.  Gap .003 in.
















4th turn around LE (1st around spacer)









Wound okay, some swelling at turn exit, strand wanted to pop








but didn't.  Tapped back OK.








80 lb. Tension.  Gap .003 in.
















5th turn around RE









Wound okay, some swelling at turn exit.








80 lb. Tension.  Gap .003 in.
















5th turn around LE









Wound enter okay.  Popped inside inner strand.  Backwound








and straightened okay at 50 lb. Tension.  Swelled but no pop.
















6th turn around RE









Wound okay, some swelling, no pop.  Wound at 50lb. By mistake.








Bumped to 80 before clamping.  Shifted finger.








50lb.  .003 in. gap.
















6th turn around LE









Wound okay, less swelling, popped strand at end of turn exit.








Tapped back okay.








80 lb. Tension.  Gap .003 in.
















7th turn around RE









Wound okay, less swelling.  Wound off the mandrel on turn exit.








80 lb. Tension.  Gap .003 in.
















7th turn around LE









Popped strand at end of turn enter as it went under finger.  Backwound 








at 50 lb.  Straightened, popped again at same place.  Backwound,








straightened, tried again.  Popped at end of turn exit, tapped back okay.
















8th turn around RE









Wound okay.








80 lb. Tension. 
















8th turn around LE









Wound okay.








80 lb. Tension. 
















9th turn around RE









Popped strand.  Straightened.  Okay.








80 lb. Tension. 
















9th turn around LE









Wound okay.








80 lb. Tension. 
















10th turn around RE









Popped strand.  Straightened.  Okay.








80 lb. Tension. 
















10th turn around LE









Wound okay.








80 lb. Tension. 
















11th turn around RE









Wound okay.








80 lb. Tension. 
















11th turn around LE









Wound okay.  Not laying well on mandrel.  Up over 1/8 in.








80 lb. Tension. 
















12th  turn around RE









Leading edge of spacer already chipped.  Chipped again








when it caught on shelf, even with tape.  Backwound and








fixed insulation, filed shelf.








80 lb. Tension. 
















12th turn around LE









Wound okay.  Not down well on mandrel.








80 lb. Tension. 
















13th turn around RE









Really riding up off mandrel but no popped strands.








80 lb. Tension. 
















13th turn around LE









Wound okay, not down on mandrel.  No popped strands.








80 lb. Tension. 
















14th turn around RE









Wound okay, not down on mandrel.  No popped strands.








80 lb. Tension. 







Appendix C

Inner HGQ Coil Data

Inner Coils
Size @12000 psi
  Modulus 
Cavity
Cable
Cable Thin
Cable
Cable Thick
Cable 
Cable 
Cable
In
Notes



  (8000-12000 psi)    
Size (in.)
Reel
Edge
Midthickness
Edge
Angle
Width
Ins.
Magnet





vs. nom.
No.
(mm)
(mm)
(mm)
(deg)
(mm)
System

















HGQi001-e/2
-.0025in,-60uM
830ksi,5.8GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A



HGQi002-e/1
-.0005in, -12uM
700ksi, 4.9GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A
HGQ01


HGQi003-e/1
-.0002in,-5uM
700ksi, 4.9GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A
HGQ01


HGQi004-e/1
+.0005in, +14uM
600ksi, 4.2GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A



HGQi005-e/1
+.0005in, +13uM
600ksi, 4.2GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A



HGQi006-e/3
-.0045in, -117uM
860ksi, 6.0GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A



HGQi007-e/1
-.003in, -75uM
590ksi, 4.1GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A
HGQ01


HGQi008-e/1
-.0035 in, -90uM
600ksi, 4.2GPa
.020
589
1.322
1.456
1.590
0.997
15.398
A
HGQ01


HGQi009-p/1
-.005in,-130uM
590ksi,4.1GPa
.020
614
1.318
1.457
1.597
1.038
15.394
B

Left Lay 

HGQi010-e/1
-.002 in, 46uM
600ksi, 4.2GPa
.020
596
1.315
1.456
1.597
1.048
15.398
A



HGQi011-e/1
-.0015in,-41uM
590ksi, 4.1GPa
.020
596
1.315
1.456
1.597
1.048
15.398
A



HGQi012-p/1
+.0046,+117uM
640ksi,4.5GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C



HGQi013-p/1
-.004in,-100uM
570ksi,4.0GPa
.020
614
1.318
1.457
1.597
1.038
15.394
B

Left Lay 

HGQi014-p/1
+.0049in,+125uM
620ksi,4.3GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C



HGQi015-p/1
 +.0047in,+120uM
640ksi,4.5GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C
HGQ02


HGQi016-p/1
+.0045in,+114uM
620ksi,4.3GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C
HGQ02


HGQi017-p/1
+.0034in,+85uM
640ksi,4.5GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C
HGQ02


HGQi018-p/1
+.0032in,+80uM
640ksi,4.5GPa
.020
596
1.315
1.456
1.597
1.048
15.398
C
HGQ02


HGQi019-p/1
+.0017in, +43uM
1150ksi, 8.0GPa
.000
614
1.318
1.457
1.597
1.038
15.394
D

Left Lay 

HGQi021-p/1
+.0033in, +83uM
1170ksi, 8.2GPa
.000
596
1.315
1.456
1.597
1.048
15.398
D



HGQi022-p/1
 +.0118, +300uM
760ksi, 5.3GPa
.020
596
1.315
1.456
1.597
1.048
15.398
D



HGQi023 -p/1
 +.0115,+290uM
760ksi, 5.35GPa
.020
596
1.315
1.456
1.597
1.048
15.398
D
HGQ03


HGQi024-p/1
 +.0105, +267uM
740ksi, 5.2GPa
.020
596
1.315
1.456
1.597
1.048
15.398
D
HGQ03


HGQi025-p/1
 +.0103in,+260uM
740ksi, 5.2GPa
.020
596
1.315
1.456
1.597
1.048
15.398
D
HGQ03


HGQi026-p/1
 +.0104in,+265uM
740ksi, 5.2GPa
.020
596
1.315
1.456
1.597
1.048
15.398
D
HGQ03


HGQi027-p/1
 +.0113in,+286uM
740ksi, 5.2GPa
.020
634
1.312
1.457
1.602
1.077
15.407
G



HGQi028-p/1
 +.0133in,+339uM
670ksi,4.7GPa
.028
634
1.312
1.457
1.602
1.077
15.407
G
HGQ04?


HGQi029-p/1
 +.0123in,+312uM
570ksi,4.0GPa
.028
634
1.312
1.457
1.602
1.077
15.407
G
HGQ04?



























































 +.015in, +375uM

Design Size

1.325
1.457
1.589
0.980
15.400




Cable Insulation System Key:

A)
.001 inch thick x .375 inch wide bare kapton with 48% overlap surrounded by .002 inch thick x .188 inch wide
kapton with Scotch 2290 epoxy adhesive with 2mm gaps.





B)
.001 inch thick x .375 inch wide bare kapton with 48% overlap surrounded by .002 inch thick x .188 inch wide
kapton with QI polyimide adhesive with 2mm gaps.





C)
.001 inch thick x .375 inch wide bare kapton with 48% overlap surrounded by .002 inch thick x .375 inch wide
kapton with QI polyimide adhesive with 2mm gaps.





D).001 inch thick x .375 inch wide bare kapton with 54% overlap (.030 inch "land") surrounded by .002 inch thick  x .375 inch wide






kapton with QI polyimide adhesive with 2mm gaps.





E)
.001 inch thick x .375 inch wide bare kapton with 48% overlap surrounded by .001 inch thick x .375 inch wide
kapton with 2290 epoxy adhesive with 48% overlap.





F)
.001 inch thick x .375 inch wide bare kapton with 48% overlap surrounded by .002 inch thick x .375 inch wide
kapton with QI polyimide adhesive butt lapped (nominal .015 in. gaps).





G)  .001 inch thick x .375 inch wide bare kapton with 55% overlap (.040 inch "land") surrounded by .002 inch thick       x .375 inch wide kapton with QI polyimide adhesive with 2mm gaps.





References:

1)  LHC IR Quad Cable Test Winding Results, J. Brandt and R. Bossert, February 27, 1996.  Rev. A December 3, 1996. Technical Division Technical Memo #TD-96-010.

2)  HGQ Inner Bare Cable Dimensions, FNAL Dwg. #5520-MA-344387.  
TD-98-041   

.


