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2.0 Superconducting Cables

2.1 Mechanical Parameters

Table 2.0.1 summarizes the cable parameters used in HGQ-07. Note that the inner cable used in HGQ-07 has 37 strands with left lay pitch direction unlike the previous model magnets. HGQ-01 through HGQ-05 were fabricated with 38 strand, right lay inner cable and HGQ-06 with 38 strand, left lay inner cable. There were no changes in the outer cable parameters. 

Parameter
Unit
Inner cable

for HGQ-07
Outer cable

for HGQ-07

Radial width, bare
mm
15.3813
15.396

Minor edge, bare
mm
1.320
1.051

Major edge, bare
mm
1.610
1.241

Midthickness, bare
mm
1.4776
1.146

Keystone angle 
deg
1.162
0.661

Pitch Length
mm
114
102

Number of strands

37
46

Lay direction

Left
Left

Table 2.0.1: Cable mechanical parameters as provided by LBNL.
The cables were cleaned before insulation with Axarel 6100 in the SSC cleaning module. 

2.2 Electrical Parameters

Parameter
Unit
Inner Cable
Outer Cable

R(295 K)
ohms/cm
16.82
18.50

R(10 K)
ohms/cm
0.34
0.47

  RRR

49.0
39.36

  C/Sc

1.23
1.76

Table 2.2.1: Cable electrical parameters as provided by BNL.

2.3 Cable Test Data



Inner Cable

Outer Cable

    B, T
 Ic, KA
  Jc, A/mm2
 Ic, KA
  Jc, A/mm2

6
19.140
2237
12.97
2,341.70

7
14.340
1676
9.63
1,738.71

8
9.539
1115
6.29
1,135.72

Table 2.3.1: Cable test data as provided by BNL.
3.0 Coil Fabrication

3.1 Cable and Wedge Insulation 

Table 3.1.1 summarizes the cable insulation parameters used in HGQ-07. Note that they are the same as in HGQ-06. 

Parameter
Inner cable
Outer cable

Number of wraps
2
2

Inner wrap:

    -material

    -adhesive

    -wrap structure
Kapton tape 25 m ( 9.5 mm

None

Spiral wrap with 58% overlap
Kapton tape 25 m(9.5 mm

None

Spiral wrap with 48% overlap

Outer wrap: 

    -material

    -adhesive

   -wrap structure

    
Kapton tape 50 m (9.5 mm

Liquid polyimide (QI)

Spiral wrap with 2 mm gaps


Kapton tape 25 m ( 9.5 mm

Liquid polyimide (QI)

Spiral wrap with 41% overlap



Table 3.1.1: HGQ-07 cable insulation parameters.

The wedges were insulated  identical to their respective coils. 

3.2 Winding and Curing

Five inner and five outer coils were wound, cured and measured for HGQ-07. All coils had wedge breaks staggered such that the breaks would not be coincident at any longitudinal location in the same coil.  From the lead end, the wedge lengths were 25”, 22.6” and 19” on one side and 19”, 22.6” and 25” on the other side.   The gaps before curing were 0.085”.  The variation of the size along the length of the outer coil was closely monitored in this magnet. Appendix - I shows this variation in size for coils used in HGQ-02 through HGQ-06. A peak to peak variation of about 80 - 100 m was observed consistently in all the outer coils made thus far in HGQ model magnet program.  So we decided to add Teflon coated Kapton shim at the parting plane before curing the coil to adjust the size. After couple of iterations we managed to get the variation in coil size down to 40 m. The parting plane shim used in the last three outer coils (HGQo-047 through HGQo-049) fabricated for this magnet is shown below:
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Fig. 3.2.1: The parting plane shim used in HGQ-07 outer coils before curing to minimize the variation of the size along the length of the coil.

3.3 Coil Measurements 

3.3.1 Coil Straight Section

The coil azimuthal size and modulus measurements were taken over a range of pressures, 55  to 100 MPa. The design pressure for both the coils at room temperature is about 65 MPa. Coils were measured with 3 inch gauge length along the straight section of the magnet, from LE to RE. The ends of the magnet were measured separately using end-compression unit and will be discussed in the next section. Table 3.3.1 lists the coils used in HGQ-07 and their corresponding average size and modulus. 

Coil Numbers
SIDE A

m
E(A)

GPa
SIDE B

m
E(B)

GPa

HGQi-050
137
9.54
152
9.32

HGQi-051
142
8.32
153
7.79

HGQi-052
128
8.20
130
8.13

HGQi-053
131
7.81
134
7.64

HGQo-045
135
8.50
120
8.70

HGQo-046
120
8.10
104
8.40

HGQo-048
128
8.90
116
8.70

HGQo-049
149
9.30
143
9.40

Table 3.3.1: HGQ-07 coil body size and moduli.

Note that the target size for both inner and outer coils is +200 m. 
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Variation of the size along the length of the coils is shown in Figs 3.3.1 and 3.3.2.  Note that Side A is the winding side of the cable and the lead end of the cable is on Side B.
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Figure 3.3.1: Variation of size along the length of outer coils.
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Figure 3.3.2: Variation of size along the length of inner coils.
3.3.2 Coil Ends

End-compression experiments performed on HGQ-06 coils were used as a basis for this magnet as the two were fabricated identically.

3.4 Coil Shimming

3.4.1 Coil Straight Section

The target pre-stress for HGQ-07 is about 65 MPa. This corresponds to a nominal coil size of +200 m for both inner and outer coils. The inner coil size varied from 127 to 152 m with an average of 138 m; whereas the outer coil size varied between 104 to 149 m with an average of 126.5 m.  The following table lists the shim sizes used for both inner and outer coils [from R. Bossert]:

I/O
Quadrant
Coil #
Coil Size
Shim Pole
Shim PP
Target
Actual
Mean

Inner
1A
i-051
142
25
50
200
217


Inner
1B
i-051
152
25
25
200
202


Inner
2A
i-052
127
25
50
200
202


Inner
2B
i-052
130
25
50
200
205


Inner
3A
i-053
132
25
50
200
207


Inner
3B
i-053
135
25
50
200
210


Inner
4A
i-050
137
25
50
200
212


Inner
4B
i-050
152
25
25
200
202
207

Outer
1A
o-046
120
25
50
200
195


Outer
1B
o-046
104
25
75
200
204


Outer
2A
o-049
149
25
25
200
199


Outer
2B
o-049
143
25
25
200
193


Outer
3A
o-048
127
25
50
200
202


Outer
3B
o-048
117
25
50
200
192


Outer
4A
o-045
134
25
50
200
209


Outer
4B
o-045
120
25
50
200
195
199

Table 3.4.1: Shimming used in coil straight section.

3.4.2 Coil  Ends

The end-shimming was done identical to HGQ-06. Figs. 3.4.1 through 3.4.2 shows the shim plan.


Figure 3.4.1: End-Shimming for inner coil LE


Figure 3.4.2: End-Shimming for inner coil RE.



Figure 3.4.3: End-shimming for outer coil LE.


Figure 3.4.4: End-shimming for outer coil RE.

3.5 Voltage Taps and Spot Heaters

Voltage taps were mounted according to the drawing number 5520-MD-344972 for inner coils and 5520-MD-344973 for outer coils. End-compression tests with a 5 inch pusher bar were done on all HGQ-07 coils after putting the voltage taps to check for turn-to-turn shorts. None of the coils showed any turn to turn shorts. 

During assembly two additional voltage taps were added on either side of the spot heaters mounted between the 16th turn and the G-11 spacer (ramp splice) on outer coils, HGQo-046 and HGQo-048.

Spot heaters were installed between the end-saddle and the last turn during winding on outer coil HGQo-047. Spot heaters were also installed between the 16th turn and the G-11 spacer in outer coils, HGQo-046 and HGQo-048 later during coil assembly.
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HGQO 048 B

		Operator		STEVE STRYSIK

		HGQO		048 B

		Date/Time		Position		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		size12000		in microns		MOE(PSI)		MOE(Gpa)

		5/10/99 8:07		MASTER ( UP / DOWN )		7974		0.109		0		10017		0.1089		0.00222		12098		0.109		0.00458		14116		0.1088		0.00682		14116		0.1088		0.00682		12683		0.109		0.00588		10727		0.1088		0.00402		8671		0.1091		0.00172		0.0000		0

		5/10/99 8:12		1 ( UP / DOWN )		7949		0.1091		-0.0073		10004		0.109		-0.00368		12060		0.1089		0.00014		14103		0.1088		0.00414		14091		0.1087		0.00428		12808		0.1088		0.00356		10814		0.1088		0.0009		8734		0.1087		-0.00214		0.0044		113		.12E+07		8.56

		5/10/99 8:15		2 ( UP ONLY )		7974		0.1089		-0.00752		9992		0.1089		-0.0039		12048		0.109		-0.0001		14091		0.1089		0.0039																										0.0047		119		.12E+07		8.61

		5/10/99 8:17		3 ( UP ONLY )		7974		0.1088		-0.00748		9980		0.1087		-0.00386		12048		0.1088		-0.00004		14091		0.1088		0.004																										0.0046		117		.12E+07		8.45

		5/10/99 8:22		4 ( UP / DOWN )		7974		0.1089		-0.0074		9992		0.1089		-0.00374		12060		0.1088		0.00002		14091		0.1088		0.00396		14091		0.1089		0.00412		12808		0.1087		0.00374		10789		0.1087		0.00112		8721		0.1089		-0.00188		0.0046		116		.13E+07		8.89

		5/10/99 8:24		5 ( UP ONLY )		7974		0.1089		-0.00694		9992		0.1089		-0.00336		12048		0.1088		0.0004		14103		0.1088		0.00438																										0.0042		106		.13E+07		8.77

		5/10/99 8:27		6 ( UP ONLY )		7974		0.109		-0.00722		10004		0.109		-0.00364		12048		0.1088		0.00014		14091		0.109		0.0041																										0.0044		113		.13E+07		8.77

		5/10/99 8:31		7 ( UP / DOWN )		7974		0.1087		-0.00788		9967		0.1088		-0.00428		12035		0.1088		-0.00048		14091		0.1087		0.00358		14091		0.1088		0.00374		12845		0.1089		0.0031		10814		0.109		0.00046		8709		0.1089		-0.00264		0.0051		129		.12E+07		8.45

		5/10/99 8:40		8 ( UP ONLY )		7961		0.109		-0.00842		9992		0.1089		-0.00478		12048		0.1087		-0.001		14091		0.1087		0.00302																										0.0056		142		.12E+07		8.61

		5/10/99 8:45		9 ( UP ONLY )		7949		0.1088		-0.00706		10004		0.109		-0.00348		12048		0.109		0.00028		14091		0.1088		0.00418																										0.0043		109		.13E+07		9.00

		5/10/99 8:49		10 ( UP / DOWN )		7961		0.1088		-0.0067		10004		0.109		-0.00314		12060		0.1088		0.0006		14103		0.1089		0.00458		14091		0.109		0.0047		12808		0.109		0.004		10814		0.1089		0.0014		8721		0.109		-0.00168		0.0040		101		.13E+07		8.83

		5/10/99 8:52		11 ( UP ONLY )		7974		0.1091		-0.00712		10004		0.1088		-0.00356		12048		0.1091		0.00016		14103		0.1088		0.0041																										0.0044		112		.13E+07		9.00

		5/10/99 8:54		12 ( UP ONLY )		7961		0.109		-0.00704		9980		0.1089		-0.00344		12048		0.1091		0.00034		14091		0.1089		0.0043																										0.0042		108		.13E+07		8.77

		5/10/99 8:59		13 ( UP / DOWN )		7974		0.1089		-0.00748		9980		0.1092		-0.0039		12048		0.1091		-0.00008		14079		0.1088		0.00388		14079		0.1089		0.00402		12833		0.109		0.00326		10802		0.109		0.0006		8734		0.1089		-0.00244		0.0047		118		.13E+07		8.66

		5/10/99 9:02		14 ( UP ONLY )		7961		0.1089		-0.00738		9980		0.1089		-0.00376		12060		0.109		0.00008		14091		0.1089		0.0041																										0.0045		114		.12E+07		8.45

		5/10/99 9:05		15 ( UP ONLY )		7961		0.1091		-0.0074		9992		0.1089		-0.00378		12048		0.1089		0.00004		14091		0.109		0.00402																										0.0045		115		.12E+07		8.61

		5/10/99 9:09		16 ( UP / DOWN )		7974		0.1088		-0.00692		10004		0.109		-0.00336		12060		0.109		0.00042		14091		0.1088		0.00436		14079		0.1091		0.0045		12833		0.1091		0.00378		10802		0.1092		0.00106		8721		0.1091		-0.002		0.0042		106		.13E+07		8.83

		5/10/99 9:13		17 ( UP ONLY )		7936		0.1092		-0.00742		10004		0.109		-0.00374		12035		0.1093		0.00004		14079		0.109		0.00406																										0.0045		115		.12E+07		8.61

		5/10/99 9:19		18 ( UP ONLY )		7949		0.1091		-0.00746		9980		0.1093		-0.00382		12048		0.1091		0		14091		0.1092		0.00398																										0.0000				.12E+07		8.61

		5/10/99 9:24		19 ( UP / DOWN )		7936		0.1091		-0.00798		9992		0.1091		-0.0043		12048		0.1093		-0.0005		14091		0.1091		0.00352		14079		0.1092		0.00366		12783		0.1092		0.00292		10827		0.1092		0.00036		8746		0.1092		-0.00272		0.0051		129		.12E+07		8.56

		5/10/99 9:36		MASTER ( UP / DOWN )		7961		0.1092		-0.00006		9992		0.1091		0.00218		12048		0.1093		0.0045		14103		0.1091		0.00678		14103		0.1093		0.00678		12745		0.1092		0.0059		10827		0.1093		0.00412		8734		0.1091		0.00172		0.0001		2		.00E+00		0.00

																																																				Averages		0.0046		116		.13E+07		8.69
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HGQO 046 B

		Operator		STEVE STRYSIK

		HGQO		046 B

		Date/Time		Position		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		PSI		Ohms		Inches		size12000		in microns		MOE(PSI)		MOE(Gpa)

		5/3/99 7:40		MASTER ( UP / DOWN )		7849		0.1088		0		9917		0.1089		0.0022		11985		0.1087		0.00456		14029		0.1089		0.00676		14054		0.1088		0.00678		12758		0.1087		0.00594		10764		0.1088		0.0041		8696		0.1088		0.0018		0.0000		0

		5/3/99 7:46		1 ( UP / DOWN )		7899		0.1088		-0.00748		9942		0.1089		-0.00374		11998		0.1088		0.0001		14066		0.1088		0.00426		14054		0.1087		0.0044		12758		0.1087		0.00364		10789		0.1087		0.00104		8696		0.1087		-0.00204		0.0045		113		.12E+07		8.01

		5/3/99 7:49		2 ( UP ONLY )		7899		0.1087		-0.0075		9955		0.1087		-0.00378		11985		0.1085		0.00004		14066		0.1085		0.00416																										0.0045		115		.12E+07		8.15

		5/3/99 7:51		3 ( UP ONLY )		7886		0.1087		-0.00764		9942		0.1089		-0.00392		11985		0.1088		-0.00008		14004		0.1088		0.00404																										0.0046		118		.12E+07		8.10

		5/3/99 7:56		4 ( UP / DOWN )		7862		0.1089		-0.0071		9917		0.1087		-0.00344		11985		0.1087		0.00036		14029		0.1088		0.00442		14041		0.1088		0.00454		12783		0.1087		0.00388		10752		0.1087		0.00118		8684		0.1089		-0.00176		0.0042		107		.12E+07		8.35

		5/3/99 7:59		5 ( UP ONLY )		7936		0.1086		-0.00746		9967		0.1087		-0.0037		11985		0.1088		0.00014		14054		0.1087		0.00428																										0.0044		112		.12E+07		8.06

		5/3/99 8:01		6 ( UP ONLY )		7899		0.1089		-0.00714		9955		0.1088		-0.00346		12010		0.1087		0.00034		14041		0.1089		0.00444																										0.0042		107		.12E+07		8.25

		5/3/99 8:06		7 ( UP / DOWN )		7899		0.1087		-0.00762		9955		0.1088		-0.00388		11998		0.109		-0.00002		14054		0.1088		0.00408		14054		0.109		0.00424		12795		0.1088		0.00342		10764		0.1088		0.00068		8684		0.1089		-0.00232		0.0046		116		.12E+07		8.10

		5/3/99 8:08		8 ( UP ONLY )		7936		0.1091		-0.00742		9980		0.1091		-0.00372		12010		0.1091		0.00008		14079		0.1088		0.00416																										0.0045		114		.12E+07		8.30

		5/3/99 8:11		9 ( UP ONLY )		7899		0.109		-0.00666		9967		0.1088		-0.003		11998		0.1089		0.00078		14041		0.1089		0.00474																										0.0038		96		.13E+07		8.66

		5/3/99 8:18		10 ( UP / DOWN )		7899		0.1089		-0.00628		9955		0.1089		-0.00264		11998		0.1089		0.00114		14041		0.1091		0.00504		14029		0.109		0.00516		12770		0.109		0.00442		10802		0.1091		0.0018		8696		0.1091		-0.0013		0.0034		87		.13E+07		8.83

		5/3/99 8:20		11 ( UP ONLY )		7936		0.1091		-0.00654		9967		0.109		-0.00294		11998		0.1088		0.0008		14029		0.1091		0.00472																										0.0038		96		.13E+07		8.89

		5/3/99 8:23		12 ( UP ONLY )		7924		0.1089		-0.0066		9980		0.1091		-0.00294		12010		0.1091		0.00084		14066		0.1091		0.00486																										0.0037		94		.12E+07		8.50

		5/3/99 8:27		13 ( UP / DOWN )		7911		0.1088		-0.00698		9980		0.1089		-0.00326		12010		0.109		0.00056		14066		0.109		0.00456		14029		0.1091		0.00466		12783		0.109		0.00392		10802		0.109		0.00126		8684		0.1091		-0.00186		0.0040		102		.12E+07		8.45

		5/3/99 8:30		14 ( UP ONLY )		7936		0.1092		-0.00682		9980		0.1091		-0.0031		12010		0.1091		0.00068		14029		0.1089		0.00468																										0.0039		99		.12E+07		8.56

		5/3/99 8:32		15 ( UP ONLY )		7924		0.109		-0.00658		9967		0.109		-0.00294		12010		0.1089		0.00084		14029		0.1089		0.00482																										0.0037		94		.12E+07		8.61

		5/3/99 8:37		16 ( UP / DOWN )		7924		0.109		-0.00646		9955		0.1092		-0.00286		12010		0.109		0.0009		14054		0.109		0.00488		14041		0.1092		0.00502		12808		0.1091		0.00428		10789		0.1092		0.00162		8684		0.1091		-0.0015		0.0037		93		.13E+07		8.66

		5/3/99 8:41		17 ( UP ONLY )		7936		0.109		-0.00692		9967		0.109		-0.00322		11998		0.109		0.0006		14066		0.1089		0.00466																										0.0040		101		.12E+07		8.30

		5/3/99 8:44		18 ( UP ONLY )		7924		0.1091		-0.00692		9955		0.1091		-0.00318		12010		0.1092		0.00062		14054		0.1092		0.00462																										0.0039		100		.12E+07		8.50

		5/3/99 8:48		19 ( UP / DOWN )		7911		0.109		-0.00704		9955		0.1091		-0.00336		12010		0.1092		0.00048		14054		0.1091		0.00448		14016		0.109		0.00464		12783		0.109		0.00384		10777		0.109		0.00114		8684		0.109		-0.00198		0.0041		104		.12E+07		8.40

		5/3/99 8:53		MASTER ( UP / DOWN )		7949		0.109		0.00008		9992		0.109		0.00226		12023		0.109		0.00456		14041		0.1091		0.00678		14066		0.1092		0.0068		12795		0.1092		0.006		10777		0.1091		0.00406		8671		0.1091		0.0018		0.0000		0		-.10E+09		-688.78

																																																				Averages		0.0041		104		.12E+07		8.40
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