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This report documents the practice winding efforts of Rodger Bossert, Imre Gonczy, and Jeff Brandt, using the 15.00mm and 15.40mm wide LHC IR quadrupole cable supplied by LBL. This cable is made from SSC strand and was supplied in 37 and 38 strand spools for inner cable, and in 46 strand for outer cable.


The mandrels used to simulate the IR Quad coils were the Fermilab LBQ mandrels. The inner LBQ mandrel is around 76.0mm in diameter, and the outer is around 96.5mm in diameter. These mandrels produced the closest match to the specified IRQ coil dimensions we could get. Two return end winding keys for each mandrel were "hand-crafted" by Rodger, Jeff, and Kerry Ewald from LHC dipole inner coil tube material. This  was the only tube material with the proper wall thickness available.


The winding machine used was the short model winder in IB3. The tensioner guide pulley diameters were built up with mylar strips to allow the wider cable to not be affected by contact on the narrow edges from the pulleys. Later, removable nylon shims were added around the pulleys. In all cases, cable tension was held by a screw through a hole in a soldered area at the end of the conductor.


Each turn made was given a reference number. Each turn consists of half a turntable rotation called entering the turn, and half a turntable rotation called exiting the turn. The first completed turn around a particular key is labeled turn #1. If a second completed turn is made around the opposite end key, it is labeled turn #1B. Additional turns are labeled #2, #2B, #3, #3B, and so on.


A popped strand is when a strand on the inside or outside layer of the cable is displaced from its normal position. The strand is labeled as upper, middle, or lower, relative to its position in the helix at the nose of the key. Cable tubing is when the helically wound trapezoid cross-section of the cable collapses into an irregular tube shape of unsupported individual strands.


At the start of these experiments, the coil cross-section incorporated a graded outer coil in which the first-wound current block would use inner cable, switching to outer cable for the second-wound current block. Later, this cross-section was replaced by one with each coil containing only one cable type. The cable width was originally set to 15.00mm, and revised to 15.40mm as used in our baseline magnet design.


This is the complete report of each turn wound. The experiment description sections are bordered by single lines, and the conclusion sections are bordered by double lines. A table showing a summary of the LHC IR Quad test winding efforts, is included at the end of this report. This table is based on a spreadsheet created by Rodger Bossert.

The first set of experiments done on 26-Feb-96, simulated a IR Quad inner coil wound in the favorable direction as planned. The last two turns of this set tried the unfavorable direction, even though the inner coil would not have any currents blocks wound this way. All turns in this set used bare cable.

Conductor:
37 Strand Inner, Left-Hand Lay

Insulation:
Bare Cable

Coil:

Inner

1)
Favorable Direction (clockwise)




Tension 100 pounds

Cable tubed near tensioner pulley at as soon as turntable rotation began. We clamped it off to prevent propagation. Entering turn looked okay, cable seemed to conform to small radii. Exiting turn, an upper inside strand started to pop out. 3/4 way around turn exit, we tried to straighten strand and cable tubed.

2)
Favorable Direction (clockwise)




Tension 80 pounds

Entering turn wound okay, no noticeable difference from 100 pound tension. Exiting turn, an upper inside strand started to pop. 3/4 way around turn exit, tubing began. Behaved nearly identical to turn #1.

Cut off cable, re-attach to mandrel.

3)
Favorable Direction (clockwise)




Tension 60 pounds

Entering turn wound okay, no noticeable difference from higher tensions. Exiting turn, an upper inside strand wanted to pop, but was able to be controlled and straightened. A significant hump appeared in the cable, one pitch away from the nose. After turn exit completed, cable tubed in straight section, around ten inches from the end.

Cut off cable, re-attach to mandrel.

4)
Favorable Direction (clockwise)




Tension 60 pounds

Behaved nearly identical to turn #3. Strand was controlled, but did not appear to be very stable. Tubing did not develop. Hump after turn exit was similar, but a little more than one pitch away from the nose.

5)
Favorable Direction (clockwise)




Tension 140 pounds

Cable looked more stable between mandrel and tensioner. Same strand popping was noticed as turn exit was begun, but was controlled and did not collapse. Winding behavior was not much different than at lower tensions, but strand displacement was harder to control. Hump was similar in size and location to turn #4.

6)
Favorable Direction (clockwise)




Tension 140 pounds

Wound second turn around turn #4. Same strand problems as in turn #5. Hump was in similar location but smaller in size. After turn enter, the cable tubed where it exits the spool. Spool wrap was low and the angle to the tensioner pulleys was as steep as it can get. The cable upper thin edge was dragging up across the lower thin edge of another spool wrap.

Cut off cable, re-attach to mandrel, reverse winding direction.

7)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

Cable tubed near key as tension was being ramped up. Straightened cable and re-tensioned. Upper inside strands started to pop before completion of turn enter. Cable tubing at end of turn exit.

8)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

Nearly identical to turn #7. Cable still collapsed on turn exit, but was much less stable on turn enter than when winding in the favorable direction.

Cut off cable, replace mandrel with outer, retain winding direction.

The second set of experiments done on 26-Feb-96, simulated a IR Quad outer coil. The first current block of this graded coil will be wound with inner cable in the unfavorable direction. All turns in this set used bare cable.

Conductor:
37 Strand Inner, Left-Hand Lay

Insulation:
Bare Cable

Coil:

Outer

9)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

Upper inside strands started to pop before completion of turn enter. Tubing begins but is partially controlled while completing turn exit. Large amount of upper edge cable curl with loose upper outside strands at nose. Lower edge strands at nose appeared to be very tight.

10)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Nearly identical to turn #9, but tubing at end of turn exit was not controllable.

Bare 37 Strand Inner Cable Conclusions





26-Feb-96


Even in the free state, this IRQ inner bare cable appears to be very unstable. During the bare cable tests, tubing occurred in random locations at all tensions. No combination of tension, winding direction, or coil size, produced a fully satisfactory turn with bare cable. Strand popping occurred on every turn. Turns wound in the favorable direction had strands popping within the turn exit. Turns wound in the unfavorable direction had strands popping before completion of the turn enter.


Lower winding tension allowed the strand popping to be better controlled, but did not eliminate it. Higher winding tension made the straight run cable appear more stable, but did not eliminate end turn strand popping. Also, strands were harder to reposition at higher winding tensions.


The end parts used were laid out and finish filed by Jeff Brandt, with the goal of producing parts which behaved like BEND parts. However, curve shape, final edge angles, and ruling angles, were all only educated guesses. The severity of upper edge curl, and the differential strand tension across the nose of the parts, indicate that the parts did not conform well to the desired shape of the cable turns.


The hump in the cable after turn exit, seen to some degree in all super-conducting coils, was large in these turns. Based on the location relation to the strand pitch, this hump appears to be related to the differential strand tension seen at the nose of the turn. CERN has experienced these humps in their LHC dipole coils, and claims that adjusting the clamping position of the conductor to the winding pole can reduce the hump magnitude.

The third set of experiments done on 28-Feb-96, simulated a IR Quad outer coil. The first current block of this graded coil will be wound with inner cable in the unfavorable direction. All turns in this set used insulated cable.

Conductor:
37 Strand Inner, Left-Hand Lay

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Outer

11)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Wound well at both turn enter and exit. Stability of cable greatly increased by insulation wrap. Still large amount of upper edge curl, and cable was sliding up the nose of the part worse than bare. Hump existed, one pitch away from the nose on the turn exit. Cable later tubed in the uninsulated area between attachment and turn enter.

12)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Similar to turn #11. Popped upper inside strand at end of turn enter. Backwound and straightened - turn then wound okay. Tried to tap cable back down to mandrel at nose, and strand popped in turn exit but was able to be tapped in.

13)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around turn #11. Wound well with no strand popping but with a tendency to do so. Was controllable without backwinding. Still curled but able to be tapped up tighter to nose. Hump remained and cable is riding up nose angle. Part shape appears to be dominating the problems so far.

14)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around turn #12. Upper inside strand started to pop at end of turn enter. Backwound and straightened twice, but strand still wanted to come out. Able to complete turn and tap strands back in alignment. Turns #12 and #14 riding up nose angle quite badly.

Cut off cable, replace mandrel with inner, reverse winding direction.

The fourth set of experiments done on 28-Feb-96, simulated a IR Quad inner coil wound in the favorable direction as planned. All turns in this set used insulated cable.

Conductor:
37 Strand Inner, Left-Hand Lay

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Inner

15)
Favorable Direction (clockwise)




Tension 100 pounds

Entering turn wound okay. Upper inside strand started to pop 1/3 way around turn exit. Backwound and straightened and turn then wound okay. Popped middle inside strand after turn exit complete, but able to tap back into alignment.

Backwound and re-attached at a different location. Reworked final edge angle on one inner coil key based on BEND data. The final edge angle (nose angle) of the BEND-based key was 8 degrees. My original guess for the angle of this key was 15 degrees (so much for experience). The modified key was labeled "Modified Inner #1". One key was left at the original 15 degrees, and was labeled "Original Inner #2".

16)
Favorable Direction (clockwise)




Tension 100 pounds

Wound noticeably better around Modified Inner #1. No strand popping during the turn. Tried to tap cable down to mandrel at nose. Strand popped in turn exit but was able to be tapped back into alignment. Strand tension appeared to be more uniform across nose. Hump remained but was smaller in height.

17)
Favorable Direction (clockwise)




Tension 100 pounds

Wound okay around Original Inner #2. Turn riding up nose angle and curl was worse on this end, but wound better than turn #15.

18)
Favorable Direction (clockwise)




Tension 100 pounds

Second turn around turn #16 and Modified Inner #1. Wound well without any strand popping. Hump remained after turn exit and contributed to turn riding up off mandrel. Clamping cable to winding pole allowed it to be tapped back down without strand displacement.

Insulated 37 Strand Inner Cable Conclusions





28-Feb-96


Stability of the cable was significantly improved by insulation. No tubing occurred on any insulated turn. The tubing that occurred in the uninsulated section of turn #11 appeared to be due to strands being slightly out of alignment when soldered together. A tinning fixture which would ensure strand alignment would probably help. This alignment will be important in whatever type of splice or preform fixtures we need for this magnet. We will at least solder under tension from now on.


Although some strand popping occurred with insulated cable, this popping was easily controlled while winding, or able to be tapped back into alignment. After modifying the nose angle of the key, the only popping occurred during down tapping the cable narrow edge to force the cable closer to the mandrel. Clamping the cable to the winding pole first, made even this tapping possible. 


The shape of the original "hand-crafted" end parts appears to have dominated the winding problems encountered so far. Even insulated cable around the original "hand-crafted" nose angles had a tendency to pop strands. Jeff Brandt has now run program BEND for the two groups which define the inner and outer coil keys. We will try to get some parts made in our machine shop.


The final edge angle for one of the inner keys was modified from 15 degrees to the BEND-produced angle of 8 degrees. This significantly improved the winding around this key. The hump in the cable after the turn exit was reduced in the insulated turns and more so around the modified key. The hump was not eliminated however, and still appears to be due to differential strand tension around the end part.


Curing forces will definitely act on this raised portion, with possible cable or insulation damage. Properly machined end parts, and experiments with clamping location, may help to minimize this effect. Having side force clamping tooling like CERN's would really help to address this problem.

The fifth set of experiments done on 05-Mar-96, simulated a IR Quad inner coil wound in the favorable direction as planned. We switched to the 38 strand spool here. All turns in this set used insulated cable.

Conductor:
38 Strand Inner, Left-Hand Lay

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Inner

19)
Favorable Direction (clockwise)




Tension 100 pounds

Wound well around Modified Inner #1 on both turn enter and exit. No tendency to pop strands. Perhaps worse upper edge curl than 37 strand, but hard to tell. Tapping didn't completely eliminate curl. Clamped and tapped down. Upper outside strand popped but was able to be tapped back in. Hump just as bad as with 37 strand cable.

20)
Favorable Direction (clockwise)




Tension 100 pounds

Wound turn enter okay around Original Inner #2. 3/4 way around turn exit, a middle inside strand started to pop. We completed the turn and were able to tap the strand into place from the outside. Cable riding up nose angle much worse than on other end, and hump was worse on this end.

Cut off cable, replace mandrel with outer, reverse winding direction.

The sixth set of experiments done on 05-Mar-96, simulated a IR Quad outer coil. The first current block of this graded coil will be wound with inner cable in the unfavorable direction. All turns in this set used insulated cable.

Conductor:
38 Strand Inner, Left-Hand Lay

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Outer

Rework final edge angle of one outer coil key based on BEND data. The final edge angle (nose angle) of the BEND-based key was 16 degrees. My original guess for the angle of this key was 30 degrees (so who needs BEND?). The modified key was labeled "Modified Outer #1". One key was left at the original 30 degrees, and was labeled "Original Outer #2".

21)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Modified Outer #1. Turn enter wound well, but a middle inside and then upper inside strand popped. Backwound and straightened. Wound okay but wanted to pop. Finished turn and tapped okay. Much less riding up nose, less upper edge curl, and less hump than original 30 degree key.

22)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Original Outer #2. Wound okay without any strand popping. Cable riding up nose badly, and curl at upper edge worse than 16 degree key. Hump was a little worse

23)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around Modified Outer #1. Popped middle inside strand at end of turn enter. Bottom half of cable seemed spongy, like lower strands not in as much tension as upper strands. Straightened and finished turn, wound okay. Down tapping made strand pop again, but able to be tapped back in.

24)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around Original Outer #2. Popped middle inside strand at end of turn enter. Straightened and continued. 3/4 way around turn exit, middle inside strand started to pop, but able to be straightened. Had to follow path of first turn to keep strands in place, so cable riding up nose very badly. Curl worse and hump a little worse.

Backwind coil, straighten turns, relocate one winding key, and continue.

25)
Unfavorable Direction (counter-clockwise)


Tension 140 pounds

First turn around Modified Outer #1. Turn enter wound okay. Upper inside strand started to pop at start of turn exit. Able to be backwound and straightened, but was difficult. Wound okay after this, but wanted to pop. Perhaps looked better before tapping than lower tensions, but no different after tapping. 

26)
Unfavorable Direction (counter-clockwise)


Tension 25 pounds

First turn around Original Outer #2. Wound okay without any strand popping. Poor fit to key, especially at upper edge. Tapping eliminated some upper edge curl, but still looked bad. Did not ride up nose as bad during winding, but did after tapping. Hump was not nearly as large.

27)
Unfavorable Direction (counter-clockwise)


Tension 40 pounds

Second turn around Modified Outer #1. Enter turn wound okay, but middle inside strand started to pop at start of turn exit. Able to backwind and straighten.

28)
Unfavorable Direction (counter-clockwise)


Tension 25 pounds

Repeat second turn around Modified Outer #1. Almost identical to turn #27. Finished and tapped up okay.

Insulated 38 Strand Inner Cable Conclusions





05-Mar-96


Behavior almost identical to 37 strand spool. This cable may have had slightly more upper edge curl than the 37 strand cable, but this observation is very subjective. All other aspects of performance were virtually identical. Strands popped, or had a tendency to pop, even at very low winding tensions. Strands popped mostly in the turn exit when wound in the favorable direction, but also popped at the end of the turn enter when winding unfavorably.


As mentioned above, part shape was a significant factor in cable behavior. The final edge angle for one of the outer keys was modified from 30 degrees to the BEND-produced angle of 16 degrees. Unfortunately, the modification of the outer coil key to the BEND-produced nose angle did not improve winding as significantly as the modification to the inner coil key did.


Strand popping was just as prevalent on the Modified Outer #1 key as it was on the Original Outer #2 key. We will try to produce a true BEND-defined part in the machine shop to see if the existence of the BEND rulings helps to minimize the tendency for strands to pop.


The cable riding up the nose angle was practically eliminated on the Modified Outer #1 key. Cable upper edge curl was also practically eliminated. However, while upper strands appeared loose on the Original key, lower strands appeared to be loose on the Modified key. It is impossible to tell if it is nose angle or ruling set which dominates these effects, but they may be minimized by a true BEND-defined part.


The hump in the cable after the turn exit still appears to be due to differential strand tension around the end part. The hump was more pronounced on the keys with larger nose angles, and perhaps at higher tensions, but even very low tensions did not eliminate this effect.


Higher tensions make strand popping harder to control and will increase coil springback, but provide better fit to parts without tapping and better potential cable end compaction. Lower tensions make strand popping easier to control and will decrease coil springback, but require more tapping to produce good part fit and may not provide the same cable end compaction.


The optimum tension for these coils is still unknown. We did most of our turns at 100 pounds based on CERN's experience with cable of this size. Based on our IR Quad winding experience so far, we feel that somewhere between 60 to 100 pounds tension is appropriate for these inner cable current blocks.

The seventh set of experiments done 03-Apr-96, simulated a IR Quad outer coil. The first current block of this graded coil will be wound with inner cable in the unfavorable direction. All turns in this set used bare cable.

Conductor:
38 Strand Inner, Left-Hand Lay

Insulation:
Bare Cable

Coil:

Outer

29)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

First turn around Modified Outer #1. Popped middle inside strand at end of turn enter. Backwound and straightened. Wound okay but wanted to pop. Finished turn looked unstable and hump was fairly large.

30)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

First turn around Original Outer #2. Popped middle inside strand during turn enter. Popped inside and outside strands at end of turn enter. Straightened and popped again during turn exit. Not straightenable, but not collapsed. Cable riding up nose badly, and upper edge curl and hump are worse than 16 degree key.

Solder under tension, cut off cable, re-attach to mandrel.

31)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Modified Outer #1. Tubed near spool before starting. Popped middle inside strand at end of turn enter. Straightened and popped again bad at start of turn exit. Tapped out then cable tubed back to hump.

32)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Original Outer #2. Popped middle inside strand during turn enter. Straightened and continued. Popped again bad at end of turn enter. Straightened and continued. Popped bad and almost tubed at end of turn exit. Hump worse.

Solder under tension, cut off cable, re-attach to mandrel.

33)
Unfavorable Direction (counter-clockwise)


Tension 140 pounds

First turn around Modified Outer #1. Popped middle inside strand at end turn enter. Straightened but popped again during turn exit. Strands looked unstable and hump was worse than at lower tensions.

34)
Unfavorable Direction (counter-clockwise)


Tension 140 pounds

First turn around Original Outer #2. Popped middle inside strand at end turn enter. Straightened and did not pop again, but looked very unstable and large hump.

Mount LHC Dipole BEND parts on mandrel, in spite of poor radius fit.

35)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around LHC dipole iteration #2 inner coil RE spacer #1 (MC-335070). Popped middle inside at end of turn enter. Straightened and completed turn. Upper edge curl worse than on Modified Outer #1 above. Hump smaller and cable appeared to be more stable than with the "hand-crafted" parts.

36)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around LHC dipole iteration #1 outer coil RE key (MD-335036). Started to pop middle inside strand at end of turn enter. Controlled and turn completed. Slightly unstable on turn exit, but perhaps the best bare cable turn so far. Less upper edge curl than turn #35 but hump about the same.

37)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around MC-335070. Popped middle inside strand at end of turn enter. Easily straightened and turn completed. Less stable after turn exit.

38)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around MD-335036. Some strand instability, but wound okay. Hump and upper edge curl similar to turn #36, conductor more stable around this part than any part tried so far.

Bare 38 Strand Inner Cable Conclusions





03-Apr-96


Inner coil bare cable stability is very poor, especially when winding in the unfavorable direction. Strand popping occurred at practically every turn. At lower tensions, tubing was very common. Strand popping was perhaps easier to control and correct, but just as prevalent. Upper edge curl and group winding compaction were worse, while the hump at the turn exit was smaller. At higher tensions, tubing occurred less frequently, but strand stability was just as bad, and popped strands were harder to control and correct. Upper edge curl and group winding compaction were better, but hump was made worse.


Turns wound around the BEND designed parts were more stable than any turns tried so far. Even though strand instability was still a problem, these were the first parts to allow an unfavorable turn to succeed. Upper edge curl was seen on these turns around BEND parts, but was not excessive, and hump appeared to be minimized by a better distribution of strand loading within the cable.

29-May-96


Since the last set of experiments, several things had changed. We now had a coil cross-section without the graded outer coil. Both inner and outer cables planned to use SSC strand, which when final-drawn is twisted to produce left-hand lay cable. Because of problems winding the inner coil, we felt that it must be wound favorable to have a chance. We feared that because of smaller strand diameter, the outer cable would be even less stable and wondered if it would be possible to wind unfavorably, as it must if both inner and outer cables are left-hand lay.


The most desirable way to avoid this is to get one of the cables manufactured as right-hand lay. Through Steve Gourlay, Ron Scanlon reported that some inner coil strand existed that had not been final drawn, and he felt that this could be made into right-hand lay inner cable. With this option, the inner cable would be right-hand lay wound counter-clockwise (favorable), and the outer cable would be left-hand lay wound clockwise (favorable).


So, we decided to concentrate on favorable direction winding when we received the first piece of outer cable. This was a 30 foot piece that was seriously unstable. Imre was able to insulate it only with very low spool and wrap tensions. It collapsed in several places, one of which near could not be completely straightened. We mounted it on the winder on 29-May-96, and it collapsed in at least five places when tensioned to only 15 pounds


We abandoned this piece and waited for a longer sample of outer cable, hoping for better stability. On 30-May-96, Imre insulated around 100 feet of a 91 meter spool of 46 strand outer cable we received. This spool was labeled LBL #571, and appeared to be much more stable than any we had received from LBL so far.

The eighth set of experiments done on 31-May-96, simulated a IR Quad outer coil. The graded outer coil eliminated, the first current block will be wound with outer cable in the favorable direction. A few turns wound unfavorable were tried at the end of this set. All turns in this set used insulated cable.

Conductor:
46 Strand Outer, Left-Hand Lay (LBL spool #571)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 1mm gap

Coil:

Outer

39)
Favorable Direction (clockwise)




Tension 60 pounds

First turn around Modified Outer #1. Wound well but had a large hump. At end of turn exit, cable tubed out to hump.

40)
Favorable Direction (clockwise)




Tension 60 pounds

First turn around Original Outer #2. Wound well but had a large hump. At end of turn exit, cable tubed out to hump.

41)
Favorable Direction (clockwise)




Tension 80 pounds

Second turn around Modified Outer #1. Popped upper outside strand, but straightened and completed turn okay. Hump about the same, no tubing. 

42)
Favorable Direction (clockwise)




Tension 80 pounds

Second turn around Original Outer #2. Cable riding up nose angle with a lot of upper edge curl, but no real strand problems. Hump larger on this end.

43)
Favorable Direction (clockwise)




Tension 60 pounds

Third turn around Modified Outer #1. Started to collapse at end of turn exit, but able to be straightened. Looked okay.

44)
Favorable Direction (clockwise)




Tension 60 pounds

Third turn around Original Outer #2. Wound okay, but hump larger at this end.

45)
Favorable Direction (clockwise)




Tension 100 pounds

Fourth turn around Modified Outer #1. Wound okay.

46)
Favorable Direction (clockwise)




Tension 100 pounds

Fourth turn around Original Outer #2. Wound okay, less hump this turn.

Solder under tension, cut off cable, re-attach to mandrel.

47)
Favorable Direction (clockwise)




Tension 60 pounds

First turn around Modified Outer #1. Wound well but had a large hump. At end of turn exit, cable tubed out to hump.

48)
Favorable Direction (clockwise)




Tension 60 pounds

First turn around Original Outer #2. Wound well but had a large hump. At end of turn exit, cable tubed out to hump.

Backwind, straighten, and re-attach to mandrel.

49)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Modified Outer #1. Wanted to tube at end of turn exit, but was controlled. Cable appeared to be unstable from turn exit to hump.

50)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Original Outer #2. Cable riding up nose angle with a lot of upper edge curl. Cable tubed at end of turn exit. Hump larger on this end.

51)
Favorable Direction (clockwise)




Tension 80 pounds

Second turn around Modified Outer #1. Again wanted to tube at end of turn exit but was controlled. Cable appeared to be unstable from turn exit to hump.

Solder under tension, cut off cable, re-attach to mandrel.

52)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Modified Outer #1. Wound well, no strand problems. Hump appeared to be smaller.

53)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Original Outer #2. Wound okay, but upper edge curl and hump were larger at this end. Cable tubed at end of turn exit.

Solder under tension, cut off cable, re-attach to mandrel.

54)
Favorable Direction (clockwise)




Tension 100 pounds

First turn around Modified Outer #1. Upper outside strand wanted to pop, but was controlled. Turn exit unstable but no tubing.

55)
Favorable Direction (clockwise)




Tension 100 pounds

First turn around Original Outer #2. Upper outside strand wanted to pop, but was controlled. Cable tubed at end of turn exit.

Solder under tension, cut off cable, re-attach to mandrel, reverse winding direction.

56)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

First turn around Modified Outer #1. Popped upper inside strand at end of turn enter. Straightened and then wound okay.

57)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

First turn around Original Outer #2. Popped upper inside strand at end of turn enter. Straightened and then wound okay.

58)
Unfavorable Direction (counter-clockwise)


Tension 60 pounds

Second turn around Modified Outer #1. Popped upper inside strand at end of turn enter. Had to backwind to straighten.

The ninth set of experiments done on 04-Jun-96, was an attempt to show that we could wind the first two turns on each end in the favorable direction at 80 pounds tension without trouble. The 30 degree outer key was filed to look like the BEND designed geometry. Both keys now had a 16 degree nose angle, the first one modified on 05-Mar-96 was still labeled "Modified Outer #1". The second one, modified for this set, was now labeled "Modified Outer #2". All turns in this set used insulated cable.

Conductor:
46 Strand Outer, Left-Hand Lay (LBL spool #571)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 1mm gap

Coil:

Outer

59)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Modified Outer #1. Wound well, no strand problems. Hump not too bad at 80 pounds on this or other end.

60)
Favorable Direction (clockwise)




Tension 80 pounds

First turn around Modified Outer #2. Wound well, no strand problems.

61)
Favorable Direction (clockwise)




Tension 80 pounds

Second turn around Modified Outer #1. Wound well, no strand problems.

62)
Favorable Direction (clockwise)




Tension 80 pounds

Second turn around Modified Outer #2. Wound well, no strand problems.

The tenth set of experiments done on 06-Jun-96, were done to find out how the IR Quad outer coil might behave if we had to wind it in the unfavorable direction. If a right-hand lay cable is not able to be produced, one of the coils must be wound unfavorable, most likely the outer. All turns in this set used insulated cable.

Conductor:
46 Strand Outer, Left-Hand Lay (LBL spool #571)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 1mm gap

Coil:

Outer

63)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

First turn around Modified Outer #1. Popped middle inside strand at end of turn enter. Straightened and completed, but turn looked unstable. Hump on both ends similar to favorable turns.

64)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

First turn around Modified Outer #2. No strand problems but turn looked unstable.

65)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

Second turn around Modified Outer #1. Popped middle inside strand at end of turn enter. Not able to straighten, but later tapped out.

66)
Unfavorable Direction (counter-clockwise)


Tension 80 pounds

Second turn around Modified Outer #2. No strand problems.

Solder under tension, cut off cable, re-attach to mandrel.

67)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Modified Outer #1. Popped middle inside strand at end of turn enter, and middle outside at end of turn exit. Both straightened okay. No pole clamping was done to this and the next three turns.

68)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

First turn around Modified Outer #2. No strand problems.

69)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around Modified Outer #1. No strand popping but this end appeared to be more unstable.

70)
Unfavorable Direction (counter-clockwise)


Tension 100 pounds

Second turn around Modified Outer #2. No strand problems.

Insulated 46 Strand Outer Cable Conclusions





03-Apr-96


The stability of the longer spooled sample of outer cable was surprisingly good. The eighth experiment set showed that winding tension had a direct affect on winding stability. Tensions between 80 and 100 pounds were the most stable, while tensions around 60 pounds allowed the cable to collapse more often. Tensions over 100 pounds did not significantly reduce incidence of strand popping, and made these areas harder to straighten.


While winding favorably, strand popping was most common at the end of the turn exit. The relationship between cable hump at the end of the turn exit and tension was not as easily determined with this outer cable. On inner cable, higher tensions made the exit hump larger. This effect was not so obvious on outer cable, in fact, some of the lower tension turns with this cable appeared to produce larger exit humps. Though contrary to inner cable observations, this is a very subjective cable effect, and firm conclusions are hard to draw.


Upper edge curl in the outer cable was not much different than that seen on the inner cable. The curl was much more prevalent in the key with the shallow 30 degree nose angle. Curl was practically non-existent on the key with the 16 degree nose angle, and strand loading across the front of the key appeared to be fairly uniform.


Prior to the ninth experiment set, we modified the key with the 30 degree nose angle to be more like the BEND produced shape, and nearly identical to the other key with the 16 degree nose angle. The ninth experiment set attempted to show that we can successfully wind this outer cable at 80 pounds tension in the favorable direction. Strand stability in the spool seemed to improve in the ninth and tenth experiment sets.


The tenth experiment set tried to determine whether or not this cable could be wound in the unfavorable direction. The outer cable we used was remarkably stable in the unfavorable direction. The last four turns of this experiment set showed that presence or position of pole clamping may have an important effect on strand loading. This could help to minimize strand popping and cable hump.

04-Nov-96


Since the last set of experiments, LBL had determined that they could indeed produce some inner strand which would be made into right-hand lay cable. They produced four spools of this right-hand lay cable for test winding, which allowed us to wind inner coils in the favorable (counter-clockwise) direction.


The first was LBL spool #577, which contained 25m of 38 strand (IGC) right-hand lay cable, with a 15.60mm width. Second was LBL spool #579, which contained 25m of 37 strand (IGC) right-hand lay cable, with a 15.60mm width. Third was LBL spool #580, which contained 25m of 37 strand (IGC) right-hand lay cable, with a 15.40mm width. Fourth was LBL spool #581, which contained 25m of 38 strand (IGC) right-hand lay cable, with a 15.40mm width.


The fourth, LBL spool #581, was of the configuration specified for use in the first LHC IR quads to be produced at Fermilab. The other three spools were attempts to reduce the strand compaction within the inner cable, either by dropping a strand, increasing the width, or both. We first insulated LBL spool #581 for the next sets of experiments, since it is the cable we plan to use in the magnet.

The eleventh set of experiments done on 04-Nov-96, were done to find out how the new right-hand lay inner cable would wind in the favorable direction, around actual LHC IR quad BEND-produced end parts. We used the 56.0mm diameter LHC Dipole practice winding mandrel. All turns in this set used insulated cable.

Conductor:
38 Strand Inner, Right-Hand Lay (LBL spool #581)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Inner

71)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around MD-344180 #1. Wound well, no strand problems. Tight nose radii made tension barely able to conform to key, swells out at transition to straight section. Fair amount of hump and some lift off mandrel, but able to be tapped down.

72)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around MD-344180 #2. Very much like turn #71.

73)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around MD-344180 #1. Very much like turn #71.

74)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around MD-344180 #2. Very much like turn #71.

75)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Third turn around MD-344180 #1. Very much like turn #71.

76)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Third turn around MD-344180 #2. Very much like turn #71.

The twelfth set of experiments done on 04-Nov-96, were done to find out how the new right-hand lay inner cable would wind in the favorable direction, around the original and modified "hand-crafted" keys. We used the 56.0mm diameter LHC Dipole practice winding mandrel. All turns in this set used insulated cable.

Conductor:
38 Strand Inner, Right-Hand Lay (LBL spool #581)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Inner

77)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around Modified Inner #1. Wound well, no strand problems. Tight nose radii made tension barely able to conform to key, swells out at transition to straight section. Fair amount of hump and some lift off mandrel, but able to be tapped down.

78)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around Original Inner #2. Popped inside upper strand at end of turn exit. Straightened okay and behaved very much like turn #77.

79)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around Modified Inner #1. Very much like turn #77.

80)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around Original Inner #2. Very much like turn #77.

The thirteenth set of experiments done on 05-Nov-96, were done to find out if it was possible to wind the new right-hand lay inner cable in the unfavorable direction. We used the 56.0mm diameter LHC Dipole practice winding mandrel. All turns in this set used insulated cable.

Conductor:
38 Strand Inner, Right-Hand Lay (LBL spool #581)

Insulation:
.001 x .375 Kapton half-lap, .002 x .375 Kapton with 2mm gap

Coil:

Inner

81)
Unfavorable Direction (clockwise)



Tension 80 pounds

First turn around MD-344180 #1. Wound okay, no strand problems but strands felt more unstable. Tight nose radii made tension barely able to conform to key, swelled out at transition to straight section. Fair amount of hump and some lift off mandrel, but able to be tapped down.

82)
Unfavorable Direction (clockwise)



Tension 80 pounds

First turn around MD-344180 #2. Very much like turn #81.

83)
Unfavorable Direction (clockwise)



Tension 80 pounds

Second turn around MD-344180 #1. Very much like turn #81.

84)
Unfavorable Direction (clockwise)



Tension 80 pounds

Second turn around MD-344180 #2. Very much like turn #81.

The fourteenth set of experiments done on 05-Nov-96, were done to find out how the new right-hand lay inner cable would wind in the favorable direction, around actual LHC IR quad BEND-produced end parts. We used the 56.0mm diameter LHC Dipole practice winding mandrel. All turns in this set used bare cable.

Conductor:
38 Strand Inner, Right-Hand Lay (LBL spool #581)

Insulation:
Bare Cable

Coil:

Inner

85)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around MD-344180 #1. Wound well, no strand problems. Tight nose radii made tension barely able to conform to key, swelled out at transition to straight section. Fair amount of hump and some lift off mandrel, but able to be tapped down.

86)
Favorable Direction (counter-clockwise)



Tension 80 pounds

First turn around MD-344180 #2. Popped inside upper strand at end of turn exit. Straightened okay and behaved very much like turn #85.

87)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around MD-344180 #1. Very much like turn #85.

88)
Favorable Direction (counter-clockwise)



Tension 80 pounds

Second turn around MD-344180 #2. Very much like turn #85.

Right-Hand Lay, 38 Strand Inner Cable Conclusions




05-Nov-96


The 15.40mm, 38 strand conductor found on LBL spool #581 was very stable and behaved much better than previous spools of inner conductor. The eleventh experiment set showed that we could wind the first inner coil group of the LHC IR quad with a fair amount of confidence. We used the 56.0mm diameter LHC dipole practice winding mandrel because the LBQ mandrels were in use. We had no popped strands in this set, even while winding around a mandrel which was 14.0mm smaller in diameter than we will use in production.


We used actual LHC IR quad inner coil return end keys (MD-344180) at both ends. The bend radii at the nose of these keys was restricted by the coil cross-section, and was very tight. Even so, the conductor seemed to form around the parts with little trouble. The main adverse effects were the swelling out of the turns as they transitioned back into the straight section, and the tendency for the turns to lift off the mandrel in those areas. We believe that these effects will be controlled and minimized by the side clamping system which will be incorporated into the winding tooling.


In the twelfth experiment set, we used the modified and original "hand-crafted" parts that we had used in earlier experiments. The intent was to determine how much of an effect the BEND-produced parts had on winding stability. Although we did get one popped strand in this set, around the "Original Inner #2" key, this spool of conductor seemed to wind better than previous inner coil spools.


In the thirteenth experiment set, we tried to wind the right-lay cable in the unfavorable direction, even though no groups on this magnet will have to be wound unfavorably. The results here were quite surprising, in that we experienced no strand popping at all. We could tell that the stands were more unstable, and had to be very careful to keep the conductor package together while winding.


As a final test of the stability of this spool, we tried a few favorable turns with bare cable in the fourteenth experiment set. We did have one popped strand in this set that was able to be straightened, but overall, this conductor wound well even without insulation.


We feel very confident going into model magnet production with this conductor on the inner coils, and with the 46 strand conductor used in experiment sets eight through ten on the outer coils. We plan to continue our test winding experiments with LBL inner cable spool #581, using some different tensions, although 80 pounds appears to be optimal. We also plan to test wind using the other three spools mentioned on page 13. All additional work will be documented as a revision to this report.

Ref
Cable
Coil
Turn
Strand
Tension
Insulation
Direction
Key Style

Set 1 - see page 2






1
Inner
Inner
1
37
100
Bare
Favorable
Original Inner #1

2
Inner
Inner
1B
37
80
Bare
Favorable
Original Inner #2

3
Inner
Inner
1
37
60
Bare
Favorable
Original Inner #1

4
Inner
Inner
1
37
60
Bare
Favorable
Original Inner #1

5
Inner
Inner
1B
37
140
Bare
Favorable
Original Inner #2

6
Inner
Inner
2
37
140
Bare
Favorable
Original Inner #1

7
Inner
Inner
1
37
60
Bare
Unfavorable
Original Inner #1

8
Inner
Inner
1B
37
60
Bare
Unfavorable
Original Inner #2

Set 2 - see page 3






9
Inner
Outer
1
37
60
Bare
Unfavorable
Original Outer #1

10
Inner
Outer
1B
37
100
Bare
Unfavorable
Original Outer #2

Set 3 - see page 4






11
Inner
Outer
1
37
100
Insulated
Unfavorable
Original Outer #1

12
Inner
Outer
1B
37
100
Insulated
Unfavorable
Original Outer #2

13
Inner
Outer
2
37
100
Insulated
Unfavorable
Original Outer #1

14
Inner
Outer
2B
37
100
Insulated
Unfavorable
Original Outer #2

Set 4 - see page 4






15
Inner
Inner
1
37
100
Insulated
Favorable
Original Inner #1

16
Inner
Inner
1
37
100
Insulated
Favorable
Modified Inner #1

17
Inner
Inner
1B
37
100
Insulated
Favorable
Original Inner #2

18
Inner
Inner
2
37
100
Insulated
Favorable
Modified Inner #1

Set 5 - see page 5






19
Inner
Inner
1
38
100
Insulated
Favorable
Modified Inner #1

20
Inner
Inner
1B
38
100
Insulated
Favorable
Original Inner #2

Set 6 - see page 6






21
Inner
Outer
1
38
100
Insulated
Unfavorable
Modified Outer #1

22
Inner
Outer
1B
38
100
Insulated
Unfavorable
Original Outer #2

23
Inner
Outer
2
38
100
Insulated
Unfavorable
Modified Outer #1

24
Inner
Outer
2B
38
100
Insulated
Unfavorable
Original Outer #2

25
Inner
Outer
1
38
140
Insulated
Unfavorable
Modified Outer #1

26
Inner
Outer
1B
38
25
Insulated
Unfavorable
Original Outer #2

27
Inner
Outer
2
38
40
Insulated
Unfavorable
Modified Outer #1

28
Inner
Outer
2
38
25
Insulated
Unfavorable
Modified Outer #1

Set 7 - see page 8






29
Inner
Outer
1
38
60
Bare
Unfavorable
Modified Outer #1

30
Inner
Outer
1B
38
60
Bare
Unfavorable
Original Outer #2

31
Inner
Outer
1
38
100
Bare
Unfavorable
Modified Outer #1

32
Inner
Outer
1B
38
100
Bare
Unfavorable
Original Outer #2

33
Inner
Outer
1
38
140
Bare
Unfavorable
Modified Outer #1

34
Inner
Outer
1B
38
140
Bare
Unfavorable
Original Outer #2

35
Inner
Outer
1
38
100
Bare
Unfavorable
LHC Dip Bend Spa

36
Inner
Outer
1B
38
100
Bare
Unfavorable
LHC Dip Bend Key

37
Inner
Outer
2
38
100
Bare
Unfavorable
LHC Dip Bend Spa

38
Inner
Outer
2B
38
100
Bare
Unfavorable
LHC Dip Bend Key











Ref
Cable
Coil
Turn
Strand
Tension
Insulation
Direction
Key Style

Set 8 - see page 10






39
Outer
Outer
1
46
60
Insulated
Favorable
Modified Outer #1

40
Outer
Outer
1B
46
60
Insulated
Favorable
Original Outer #2

41
Outer
Outer
2
46
80
Insulated
Favorable
Modified Outer #1

42
Outer
Outer
2B
46
80
Insulated
Favorable
Original Outer #2

43
Outer
Outer
3
46
60
Insulated
Favorable
Modified Outer #1

44
Outer
Outer
3B
46
60
Insulated
Favorable
Original Outer #2

45
Outer
Outer
4
46
100
Insulated
Favorable
Modified Outer #1

46
Outer
Outer
4B
46
100
Insulated
Favorable
Original Outer #2

47
Outer
Outer
1
46
60
Insulated
Favorable
Modified Outer #1

48
Outer
Outer
1B
46
60
Insulated
Favorable
Original Outer #2

49
Outer
Outer
1
46
80
Insulated
Favorable
Modified Outer #1

50
Outer
Outer
1B
46
80
Insulated
Favorable
Original Outer #2

51
Outer
Outer
2
46
80
Insulated
Favorable
Modified Outer #1

52
Outer
Outer
1
46
80
Insulated
Favorable
Modified Outer #1

53
Outer
Outer
1B
46
80
Insulated
Favorable
Original Outer #2

54
Outer
Outer
1
46
100
Insulated
Favorable
Modified Outer #1

55
Outer
Outer
1B
46
100
Insulated
Favorable
Original Outer #2

56
Outer
Outer
1
46
80
Insulated
Unfavorable
Modified Outer #1

57
Outer
Outer
1B
46
80
Insulated
Unfavorable
Original Outer #2

58
Outer
Outer
2
46
60
Insulated
Unfavorable
Modified Outer #1

Set 9 - see page 11






59
Outer
Outer
1
46
80
Insulated
Favorable
Modified Outer #1

60
Outer
Outer
1B
46
80
Insulated
Favorable
Modified Outer #2

61
Outer
Outer
2
46
80
Insulated
Favorable
Modified Outer #1

62
Outer
Outer
2B
46
80
Insulated
Favorable
Modified Outer #2

Set 10 - see page 12






63
Outer
Outer
1
46
80
Insulated
Unfavorable
Modified Outer #1

64
Outer
Outer
1B
46
80
Insulated
Unfavorable
Modified Outer #2

65
Outer
Outer
2
46
80
Insulated
Unfavorable
Modified Outer #1

66
Outer
Outer
2B
46
80
Insulated
Unfavorable
Modified Outer #2

67
Outer
Outer
1
46
100
Insulated
Unfavorable
Modified Outer #1

68
Outer
Outer
1B
46
100
Insulated
Unfavorable
Modified Outer #2

69
Outer
Outer
2
46
100
Insulated
Unfavorable
Modified Outer #1

70
Outer
Outer
2B
46
100
Insulated
Unfavorable
Modified Outer #2

Set 11 - see page 14






71
Inner
Inner
1
38
80
Insulated
Favorable
MD-344180 #1

72
Inner
Inner
1B
38
80
Insulated
Favorable
MD-344180 #2

73
Inner
Inner
2
38
80
Insulated
Favorable
MD-344180 #1

74
Inner
Inner
2B
38
80
Insulated
Favorable
MD-344180 #2

75
Inner
Inner
3
38
80
Insulated
Favorable
MD-344180 #1

76
Inner
Inner
3B
38
80
Insulated
Favorable
MD-344180 #2



















































Ref
Cable
Coil
Turn
Strand
Tension
Insulation
Direction
Key Style

Set 12 - see page 14






77
Inner
Inner
1
38
80
Insulated
Favorable
Modified Inner #1

78
Inner
Inner
1B
38
80
Insulated
Favorable
Original Inner #2

79
Inner
Inner
2
38
80
Insulated
Favorable
Modified Inner #1

80
Inner
Inner
2B
38
80
Insulated
Favorable
Original Inner #2

Set 13 - see page 15






81
Inner
Inner
1
38
80
Insulated
Unfavorable
MD-344180 #1

82
Inner
Inner
1B
38
80
Insulated
Unfavorable
MD-344180 #2

83
Inner
Inner
2
38
80
Insulated
Unfavorable
MD-344180 #1

84
Inner
Inner
2B
38
80
Insulated
Unfavorable
MD-344180 #2

Set 14 - see page 15






85
Inner
Inner
1
38
80
Bare
Favorable
MD-344180 #1

86
Inner
Inner
1B
38
80
Bare
Favorable
MD-344180 #2

87
Inner
Inner
1
38
80
Bare
Favorable
MD-344180 #1

88
Inner
Inner
1B
38
80
Bare
Favorable
MD-344180 #2
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