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i Superconducting Super Collider

Superconducting Dipole Magnets

Current in the Magnets

"'""‘fhe Reduction of Magnetization SextupoTe at Injection by Setting the Mimtmom ]

The studies which have been done on magnetization in the SSC dipoles has
been done assuming that the magnetic field in the dip?ls drops from 6.6 Tesla
to zero then up to the injection field of 0.33 Tesla.!s¢ By the time the
field reaches 0.33 Tesla at the magnet center most of the superconducting
filaments have been fully penetrated by the field rising in the filaments.
The magnetization induced field is at its maximum at injection.

In the process of changing the transport current generated central
tnduction from zero to 0.33 Tesla, the magnetic induction generated by
circulating currents in the filaments will change sign. If one chooses the
minimum field properly, the sextupole component of the magnetization can be
made zero at an injection field of 0.33 Tesla. It 1s argued that the required
beam aperture is largest during the process of injection and stacking of beams
into the SSC ring. During the acceleration phase, the aperture is reduced
even at fields as low as 0.34 Tesla. As the field increases, the beam size is
decreased even more.

The idea of using penetration effegti to get a zero sextupole component of
magnetization at injection is not new,°+% but the central design group beam
dynamics people feel that there is merit in making the sextupole zero at
injection even though it will rise up to 4 units at a central induction of the
order of 0.4 to 0.45 Tesla.

Figure 1 shows the SSC Dipole NC-7 used to calculate the magnetic field
due to the transport current and the magnetization currents. Figure 1 is
symmetric in the way that dipoles normally are. The transport current field
generated by the cross section shown in Figure 1 will have a normal dipole
component; normal N = 3, 5, 7 and 9 are small by design; normal N= 2, 4, 6, 8
are zero by symmetry; and all of the skew terms are zero by symmetry. The
magnetization field generated by the cofl shown in Figure 1 will have only
normal N« 1, 3, 5, 7 and so on. Table 1 and 2 present the dipole and
superconductor parameters.

Figures 2 and 3 are plots of the ratio of magnetization field multipole
components to the transport current central field as a function of central
tnduction and path. The central field path in Figures 2 and 3 is from 5.5
Tesla to zero then back up. Table 3 shows the dipole component of the
magnetization field and the ratio of the normal N = 3, 5, 7, 9, 11 and 13
components to the transport current central induction. From Table 3 and
Figures 2 and 3 one can see that the normal sextupole (N = 3) component at an
fnjection induction of 0.33 Tesla is 6.52 units (1 unit §s t part in 10000).
The normal decapole (N = 5) at injection is 0.56 units (at a radius of 10 mm
with 5 micron filaments in the superconductor).

*This work was supported by the U.S. Department of Energy under
Contract DE-AC03-76SF00098.
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Figures 4 and 5 show the ratio of magnetization field multipole components
to transport current field as a function of central induction and path. The
central induction path in Figure 4 and 5 goes from 5.5 Tesla down to 0.308
Tesla then back up. Table 4 shows the dipole component of the magnetization
field and the ratio of the normal N = 3, 5, 7, 9, 11 and 13 components to the
transport current central induction. From Table 4 and Figures 4 and 5 one can
see that the sextupole component at an injection induction of 0.33 Tesla is
nearly zero. The dipole component at injection is substantially reduced, and
the decapole (N = 5) component ratio is reduced to 0.30 units. From Table 4,
one can see that each component follows a different path. The superconductor
in various parts of the magnet sees different magnetic field levels;
therefore, the conductor in each region becomes fully penetrated by a
different flux change.

Figure 6 shows the full NC-7 superconducting dipole cross section with
5.25 micron filaments in the upper half and 4.75 micron filaments in the lower
half.® The magnetization field has both normal and skew terms. The normal
terms are N = 1, 3, 5 and so on. The skew terms are N = 2, 4, 6 and so on.
A1l other terms are zero. Figures 7 and 8 show the skew gquadrupole (N = 2)
and normal sextupole (N = 3) magnetization ratios or transport current central
field as a function of transport current central induction. The path shown in
Figures 7 and 8 goes from 5.5 Tesla down to 0.308 Tesla then back up. Table 5
shows the coil parameters. Table 6 shows the superconductor parameters for
the superconductors top and bottom in the inner and outer coils. Table 7
shows the normal dipole component of magnetization and the ratios of the
following magnetization terms to the transport current induction. They are:
skew quadrupole (N = 2), normal quadrupole (N = 2), skew sextupole (N = 3),
normal sextupole (N = 3), skew octupole (N = 4) and normal octupoie (N « 4).
The dominant terms are: skew quadrupole (1.04 units at injection), normal
sextupole (zero at injection but a peak of 4.12 units at 0.4 Tesla), skew
octupole (0.07 units at injection), and normal decapole (0.30 units at
injection). From Table 7 and Figures 7 and 8, one can see that the zero
sextupole at injection is not changed by up-down asymmetry due to different
filament diameters or superconductor critical current density. The skew
quadrupole does not go to zero when the normal sextupole goes to zero. It is
clear that it is desirable to minimize variation in superconductor properties
between the upper and lower coils in the magnet.
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Figure 1 The SCMAGB4 version of the LBL-SSC Dipole NC-7 which has full
dipole symmetry
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Coil Parameters for a Symmetrical Version of LBL-SSC Dipole NC-7

SSC DIPOLE CONFIGURATION NC-7, #.81 MM STRANDS INNER, @.85 WM STRANDS OUTER

Lol SRl O W N W ey

MAGNET SYMETRY NUMBER (NN)

NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF
NUMBER OF

COIL PARTS (KL)
MULTIPOLES (NX)
R DIVISIONS (MX)
CONDUCTOR TYPES (NSC)
IRON PIECE TYPES (NFE)

MAGNETIZED PIECES (NPM)
MAGNETIZATION LOOPS (NMG) @

MAGNET CASES (JA)
CONDUCTOR JC STEPS (LT

)

i3
1
2
o
[

32
12

IRTYP = 1, THIS MAGNET HAS CIRCULAR IRON.
IRON INNER RADIUS (RIIRON)

USEFULL APERATURE RADIUS (RO)
COIL APERTURE RADIUS (RC)
MEASUREMENT RADIUS (RA)

OPERATING

TEMPERATURE (TOP)

FIELD CHANGE RATE (BDOT)

NT R1

D300
.498¢
.B300
.4980
. 8300
.4980
8300
. 4980
0149
-5040
.Bl4a0
.6040

WRBWRONNNNNNNN

R2 Al

2.4900 #.26800
2.986@ 8.2200
2.4988 22.4200
2.966560 22 5700
2.4980 64,7000
2.9660 53.8600
2.4980 72.8300
2.965¢0 72.0000
3.6049 8.1800
3.9949 #.1800
3.6040 13.2800
3.9940 14.3202

T b M)

- 9900
-930
. 258
.20

068 T per sec

A2

1189
. 2990
2600
.4200
.3078
. 3360
.1639
1876
8480
. 9200
.8800
.8400

cm

em
cm
cm
deg K

YANG

1760, 0000
1796 . 0000
1700 . 0000
17060 .0000
1700 . 0020
1700 . 0000
1700 . 0000
1768 . 0000
1760.2000
1700 . 0000
1700 . 0000
1700 .0020

XJ

41999.
42907 .
41810,
42968.
426847 .
42847,
42847,
42847 .
48883.
48961.
489863,
48888.

A3

9.1639
#.1675
2.1639
0.1675
@.1639
9.16786
#.163¢9
9.16876
¢.1293
#.1398
8.1283
0.1398

NI A AN b b ek b b ot et b §
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Superconductor Parameters of the Superconductor Used in the
Symmetrical Version of LBL-SSC Dipole NC-7 Calculations of
Magnetization Field
COIL AND SUPERCONDUCTOR MATRIX PROPERTIES
COIL NUMBER 1 2
S/C TO NORMAL METAL RATIO 1.480 1.800
S/C NUMBER OF FILAMENTS 19882 5999
S/C FILAMENT DIAMETER (micr) 5.000 5.000
S§/C LAYER THICKNESS (micr) 2.500 2.600
S/C INTERFILAMENT DISTANCE (micr) 1.200 1.200
S/C INTERFILAMENT RMO (ohm-m) ©.160E-09 ©.1G68E-09
$/C COIL PACKING FACTOR 0.760 8.720
S/C STRAND DIAMETER (mm) 9.808 £.848
§/C EFFECTIVE STRAND DIAMETER Emmg 0.727 ©.683
$/C FILAMENT REGION THICKNESS (mm 0.234 9.145
$/C STRAND OUTSIDE RHO (ohm-m) ©.158E-99 ©.1E0E-09
S/C TWIST RATE (twists/cm) 0.500 9.500
$/C COUPLED MAGNETIZATION FACTOR 1.000 1.000

Page 6 of 1o

BASIC SUPERCONDUCTING MATERIAL PROPERTIES
CONDUCTOR NUMBER 1 2

HC1 ot @ K (tesla) 0.614 8.014

HCZ at 8 K (tes!s) 14.100 14.100

TCat o T (d.? K) 9.560 9.560

COHERENCE DIST. (ang.) 169 . 900 100.008

PENETRATIAN DIST. (ang.)  2609.866  2500.000
SUPERCONDUCTING MATERIAL PROPERTIES AT  4.20 K
CONDUCTOR NUMBER 1 2

HC1 (tesls) 2.911 0.0112

HC2 (tesla) 1#.858 10.958

SUPERCONDUCTOR JC VERSES B PROPERTIES AT A TEMPERATURE OF 4.20deg K

CONDUCTOR NUMBER 1 2

B (tesla) CRITICAL CURRENT DENSITY (A/cmes2)
8.00 2690000. 2690000,
8.85 2290000, 22950000.
9.10 1880008, 1880000,
#.30 1430000. 1430000,
£.50 1110000. 1116000,
1.80 784000.  764008.
2.90 492000.  492008.
3.00 393008.  393000.
.00 242000.  242000.
7.00 147000, 147000
9.96 52000, 52000 .
16,00 4300, 4300,
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RESIDUAL FIELD RATIO (PARTS IN (0000)
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RATIO OF RESIDUAL TO TRANSPORT FIELDS
WITHOUT PASSIVE SUPERCONDUCTOR AND
WITHOUT SMALL PASSIVE IRON PIECES AND

WITHOUT ORIENTED MAGNETIZED MATERIAL
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RESIDUAL FIELD RATIO (PARTS IN 10000)
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Figure 3

RATIO OF RESIDUAL TO TRANSPORT FIELDS
WITHOUT PASSIVE SUPERCONDUCTOR AND

WITHOUT SMALL PASSIVE IRON PIECES AND

WITHOUT ORIENTED MAGNETIZED MATERIAL
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RESIDUAL FIELD RATIO (PARTS IN 10000)
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Figure 4

RATIO OF RESIDUAL TO TRANSPORT FIELDS
WITHOUT PASSIVE SUPERCONDUCTOR AND

WITHOUT SMALL PASSIVE IRON PIECES AND

WITHOUT ORIENTED MAGNETIZED MATERIAL
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RATIO OF RESIDUAL TO TRANSPORT FIELDS
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Figure 6 The SCMAGB4 version of the LBL-SSC Dipole NC-7 which has Up-Down

Asymmetry in the Filament Diameter
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SSC DIPOLE, LBL NC-7
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5 Coil Parameters for an Asymmetric Version of LBL-SSC Dipole NC-7

SSC DIPOLE CONFIGURATION NC-T7, §.81 MM STRANDS INNER, @.65 MM STRANDS OUTER

&

o-lc-dn-n-lh.h&brﬂn—iu—lﬂﬂi—ln—lﬂh&hbwr—uwwr—lnn&;AAHHHH.—IHH;—‘&A&&M.—H‘H

MAGNET SYMETRY NUMBER (NN)
NUMBER OF COIL PARTS (KL)
NUMBER OF MULTIPOLES (NX)
NUMBER OF R DIVISIONS (MX)

NUMBER OF CONDUCTOR TYPES (NSC)

13
4

NUMBER OF IRON PIECE TYPES (NFE) 2
NUMBER OF MAGNETIZED PIECES (NPM) 2
NUMBER OF MAGNETIZATION LOOPS (NMG) @

NUMBER OF MAGNET CASES (JA)

32
NUMBER OF CONDUCTOR JC STEPS (LT) 12
IRTYP = 1, THIS MAGNET HAS CIRCULAR IRON.

IRON INNER RADIUS (RIIRON)

USEFULL APERATURE RADIUS (RO)

COIL APERTURE RADIUS (RC)
MEASUREMENT RADIUS (RA)
OPERATING TEMPERATURE (TOP)
FIELD CHANGE RATE (BDOT)

6.69@ cm

1.800 cm

2.030 cm

1.26€0 cm

4.20 deg K
2.0088 T per sec

R1 R2 Al
2.930¢ 2.4980 0.2600
2.4980 2.9658 9.2200
2.03002 2.4980 22.4200
2.4980 2.9868 22.65799
2.0300 2.4980 B4 .7000
2.4980 2.9860 53.8500
2.9200 2.498¢ 72.8300
2.4980 2.9668 72.9990
3.0140 3.5048 8.1800
3.6240 3.9948 9.1820
3.90140 3.5040 13.2800
3.5040 3.9940 14.3202
2.03e9 2.4980 159.8900
2.,4980 2.986¢ 161.9198
2.0300 2.4980 137.7400
2.4980 7.96860 139.5800
2.8300 2.4988 125.30080
2.4980 2.9658 126.1600
2.9309 2.4980 197.1700
2.4988 2.96850 197.9180
3.0140 3.5048 168.360¢
3.6040 3.9949 1695.0800
3.9140 3.6840 132.3200
3.5040 3.99490 133.3800
2.0300 2.4988 189.2000
2.,49808 2.9860 188.2200
2.8300 2.4980 202.4208
2.4980 2.986€¢ 202 . 5790
2.6300 2.4980 234 .7600
2.4980 2.9650 233.8600
2.0300 2.4986 2652.8380
2.4980 2.96580 252.0900
2.0148 3.6048 108.180¢
3.5040 3.9940 180.1808
3.0140 3.5040 193.2000
3.68402 3.0040 194.3200
2.08300 2.4980 -20.1100
2.4980 Z2.9860 -18.0990
2.0300 2.4980 -42.2800
2.4980 2.9850 -40.4200
2.8300 2.4980 -54.7000
2.4980 2.98650 -53.8500
2.9300 2.4988 -72.8300
2.4980 2.9868 -T72.0900
3.0140 3.5049 -11.8400
3.6040 3.9940 -10.9200
3.01490 3.6040 -47.8800
3.5840 3.9940 -46.6400

A2

20.1100
18.0900
42,2800
48 4200
9.3078
9.3360
9.1539
8.1875
11.6400
10.9200
47 .6800
46 .0400
179.7400
179.780@
167 .6800
167 .4300
9.3078
2.3350
2.1539
8.16876
179.8280
179.8400
188.7209
165 .8800
200.1100
198.890¢
222.2600
220.4208
#.3878
9.3360
5.1639
#.1876
191 .8400
190.9200
227.6000
226 .8400
-0.2800
-9.2208
-22.4200
-22.5780
0.30786
©.3368
9.163%
8.1875
~0.1886
-8.1880

-14.3200

YANG

1790 .0820
1700.0000
1700 .0000
17082 . 2000
1700 . 0000
1700 . 0000
1700 . R0
1700 . 2200
1700 .0000
1700 .2800
1708 . 0000
1709 . 2020
1700 .0000
1702 .5000
170¢.0800
1780.000¢
1702 . 8000
178 . 2000
1700.0000
1700 . 8000
1700 .0000
1700. 0000
1700 .0000
1708 .0000
1708 .0000
1782 . 8000
1700 . 0000
1700 . 2800
1708 . 6200
1700 . 0000
1700, 0000
1700 .0000
1768 . 0008
1768 . 8000
1700 .0000
1780 . 0000
1760. 0000
1700.0000
1700 . 0000

xJ

41999.
42907.
41810.
42968
A2847.
42847,
42047,
42847.
48883,
48961,
49863 .
48888 .

-41999.

-42987.

-41810.

-42958.

-42847.

-42847.

-42847,

-42847,

-48883.

-48951.

-48B63.

-48888.

-41999.

-42907.

-41810.

-42068.

-42847.

-42047 .

-42847.

-42847.

-48883.

-4B951.

-48863.

-48888.
41999,
42907.
41810.
42968 .
42847,
42847,
42847,
42847,
48883,
48961.
48853,
48880

A3

9.1639
2.1676
©.1639
9.1876
9.1639
9.1876
9.1639
2.16756
2.1293
2.1398
8.1293
9.1398
0.1639
8.1876
#.163¢9
#.1876
0.1639
9.1876
9.1539
2.1876
0.1293
©.1398
9.1203
2.1398
9.163%
8.18756
9.1639
#.1876
9.1639
9.1876
6.1639
9.1876
0.1293
9.1398
9.1293
9.1398
8.1539
2.1875
@.1539
6.18756
8.1539
0.1876
9.1539
9.1876
5.1293
9.1398
9.1203
0.1398
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Superconductor Parameter of the Superconductor Used in the

Asymmetrical Version of LBL-SSC Dipole NC-7 Calculations of

Magnetization Field

COIL AND SUPERCONDUCTOR MATRIX PROPERTIES

COIL NUMBER 1 2 3 4
$/C TO NORMAL METAL RATIO 1.400 1.800 1.490 1.800
$/C NUMBER OF FILAMENTS 9870 5441 12057 8847
S/C FILAMENT DIAMETER (micr) 5.258 5.269 4.750 4.750
$/C LAYER THICKNESS (micr) 2.825 2.825 2.376 2.375
$/C INTERFILAMENT DISTANCE (micr) 1.200 1.200 1.200 1.20@
S/C INTERFILAMENT RHO (chm-m) 6.160E-09 ©.160E-09 ©.150E-89 ©0.150E-89
S/C COIL PACKING FACTOR 0.760 8.720 8.760 0.720
$/C STRAND DIAMETER (mm) .808 B.848 9.808 0.848
$/C EFFECTIVE STRAND DIAMETER (mm) 8.727 9.583 8.727 #.583
S/C FILAMENT REGION THICKNESS (mm) 6.226 8.141 8.243 9.150
§/C STRAND OUTSIDE RMO (ohm-m) 9.160E-09 ©.160E-09 #.156E-89 ©.150E-09
S/C TWIST RATE (twists/cm) 8.500 6.500 8.500 2.500
$/C COUPLED MAGNETIZATION FACTOR 1.000 1.00¢ 1.000 1.00¢
BASIC SUPERCONDUCTING MATERIAL PROPERTIES
CONDUCTOR NUMBER 1 2 3 4
HC1 st @ K (tes!s) 0.014 9.014 5.814 8.014
HC2 at B K (tesla) 14.100 14.100 14.1020 14.100
TC at @ T (dog K) 9.500 9.500 9.500 9.560
COHERENCE DIST. {(ang.) 108 .000 100.200 100.000 100.0090
PENETRATIAN DIST. (ang.) 2508.000  2600.000  2600.000  2668.800
SUPERCONDUCTING MATERIAL PROPERTIES AT  4.20 K
CONDUCTOR NUMBER 1 2 3 4
HC1 (teslas) 9.011 2.011 8.011 9.011
HCZ (tesis) 10.858 19.858 18,858 19.858
SUPERCONDUCTOR JC VERSES B PROPERTIES AT A TEMPERATURE OF  4.20deg K

CONDUCTOR NUMBER 1
B (teslas)
0.00 2890009 .
&.05 2290000,
9.19 1868002,
8.30 1430000 .
9.68 1110008 .
1.00 T64000.
z2.00 492000 .
3.00 393000,
5.00 242000 .
7.08 147008 .
9.0 62000,
10.08 4300,

2 3 4
CRITICAL CURRENT DENSITY (A/cmsa2)

2690000 . 2890000 . 28900008 .
2290000 . 2290000 . 2290000 .
1880000 . 18800890 . 1880000 .
1430000 . 1430000 . 1430000.
11100098 . 1110008 . 1118008 .
764000 . 784000 . 784000 .
492000 . 492000 . 492000 .
asaege, 393000 . 393000 .
242000 . 242000 . 242000 .
147808, 147300 . 147988 .
62000 . 52000 . G2000.
4308, 4300 . 4300 .
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RESIDUAL FIELD RATIO (PARTS IN 10000)
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Figure 7
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RATIO OF RESIDUAL TO TRANSPORT FIELDS
WITHOUT PASSIVE SUPERCONDUCTOR AND
WITHOUT SMALL PASSIVE IRON PIECES AND
WITHOUT ORIENTED MAGNETIZED MATERIAL

Page 17 of i

i MULTIPOLE N o 2 SL

]

ew Quadrupole
MUNTIPOLE N 5 3 Normal

Sextupole

Templeratu

=4.2 K

Eddy Currﬂnt Coupling

No PtLoxlmM y

Coypling

Inner| Coll l:oppoj

Outer Coll Coppdr to

to jc Ratio = 1,4
/C Ratio = #8

Fllament Dlametefr Upp
Fllampnt D} moto{ Low

r Coll = 5,25 micrions

r Col| = 4.7F mlcrions

0.0

1 i !
0.5 1.0 1.5 2.0

MAGNETIC INDUCTION AT RADIUS RO (TESLA)

25



RESIDUAL FIELD RATIO (PARTS IN 10000)
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Figure 8

RATIO OF RESIDUAL TO TRANSPORT FIELDS
WITHOUT PASSIVE SUPERCONDUCTOR AND

WITHOUT SMALL PASSIVE IRON PIECES AND

WITHOUT ORIENTED MAGNETIZED MATERIAL
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