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First Results of Magnetic Analysis for a High Field Dipole Model.

I. Terechkine

I. Introduction

The main goal of this note is to summarize results of a HFD Model magnetic modeling. The dipole cross-section that was taken as a base for the modeling was chosen to be one of several potential candidates that meet the magnet field quality requirements; it has six-cableblock arrangement, 40 mm bore diameter, and use 28-strand IGC-type cable with strand diameter of 1.00 mm. To make a proper choice of a mechanical arrangement of the dipole cross-section, it is useful to realize how magnetic properties like margin field, maximum current, and harmonics content change as a function of excitation current and basic cross-section geometry parameters. The note will provide this kind of information arranged in a way that looks logical and goes form simple ROXIE magnetic field analysis to nonlinear magnetic calculations with the use of OPERA magnetic modeling program. Although the results obtained are neither universal, no final, their analysis will hopefully help to choose final HFD Model cross-section.

II. ROXIE calculation results

The cable data used with ROXIE magnet optimization program [1] can be found in the Table 1 below:

Table 1

Parameter name
Cable parameter value

Cable width (mm)
14.235

Cable thickness (mm)


                       thin side
1.6904

                       thick side
1.9165

Insulation thickness (mm)


                       azimuthal
0.1

                       radial
0.11

Number of strands
28

Strand diameter (mm)
1.01

Cu/SC ratio
0.85

Cabling angle (deg)
14.5

Quench margin parameters 


                         Temperature (K)
4.2

                      Magnetic field (T)
12

Critical current density (A/mm2)
1886

Critical current density slope (A/mm2/T)
400

Using these cable data, 6-block solution to optimization problem was found using ROXIE program with the central field corresponding to the quench margin Bcm= 12.65 T at Im = 17.7 kA. The iron screen internal radius was chosen equal to 60 mm for these calculations leaving only 10-mm gap for a spacer between the coil and screen. It is obvious that, at a given excitation current, if we choose to increase the gap, central field would decrease. Simultaneously, the field would decrease at cable location that would allow increasing an excitation current to some extend. It means that the central margin field drop will not be so pronounced as the drop of a central field at given current. Said above is illustrated by the chart in Fig. 1 where central field at excitation current 17714 A (B (T)) and central field corresponding to quench margin (Bmar (T)) are built against iron screen internal radius. It is obvious that an increase of central field is only possible with increase of excitation current as it is possible to see from the chart in Fig. 2 below.
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Fig. 1
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Fig. 2

Because the available in TD power source is able to provide 18000 A of excitation current only, it is necessary to discuss a possibility to reduce an excitation current if for some reason it is required more than 10 mm gap between coil and iron screen. 

The magnetic field harmonics content changes with the iron screen internal radius change. As it is possible to see from the chart in Fig. 3, sextupole b3 drops by about 6 units while gap changes from 0 (50-mm iron screen internal radius) till 50 mm (100-mm internal radius). Harmonics b5 through b11 do not change significantly, which seems quite natural if to take into the account that the change is governed by a multipole's image in screen; field amplitude generated by a mulitipole decreases with distance quicker for higher multipoles.
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Fig. 3

It is necessary to mention that ROXIE code does not allow at this stage to change outer diameter of the iron screen. Nevertheless it would be interesting to know to which extent the dipole field is sensitive to the external diameter of the screen. It is also necessary to know the dipole fringe field change as a function of screen diameter. These data will help to choose screen diameter optimal from the point of view of assembly technology. It is possible to obtain the information mentioned above with the use of OPERA magnetic modeling program. The use of the ROXIE-generated dipole cross-section in the OPERA input file gives an intrinsic sextupole defect of about 1 unit. The attempt to understand this effect resulted in a reasonable explanation that it is due to different cable current distribution patterns used in the two programs. ROXIE uses current filaments to calculate magnetic field based on Biot-Savart's law; OPERA uses uniform current density through the cable cross-section approach. As a result, because cable has a trapezoidal cross-section, OPERA code gives effective strand current that rises with radius. To fix this defect, modification of the cable cross-section was made to make it rectangular. The result of direct comparison of ROXIE- and OPERA-generated field is summarized in Table 2. The cross-section used for the comparison had ideal, 60-mm internal radius magnetic screen. Excitation current was chosen equal to 17714 A, which is close to quench margin value. Although there is still difference in b3 value, it is about 0.04 units, which is acceptable. This difference is probably, as before, due to different current representation technique used by the two programs. Four different codes were used to calculate Fourier spectrum of the magnetic field found by OPERA program. All of them have given very close results; so in the Table 2 and further, Fourier spectrum calculations is done using OPERA internal code, which requires calculation of the azimuthal magnetic field component along circular arc.

Table 2


ROXIE
OPERA

Bc (T)
12.771
12.772

b3
0.063
0.021

b5
0.171
0.165

b7
0.061
0.062

b9
-0.456
-0.457

b11
0.18
0.18

b13
0.01
0.009

III. OPERA analysis results

Magnetic modeling using OPERA shows that the dipole central field almost does not depend on the screen outer radius. It allows using fixed excitation current when evaluating harmonics content change with outer radius. This current was chosen equal to 17.714 kA as earlier in order to compare field drop due to iron saturation effects. Comparison of Fig. 2 and Fig. 4 shows that this drop is about 1 T. 
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Fig. 4

It is possible to see that sextupole b3 changes significantly only when outer radius becomes rather small, and screen iron is fully saturated in the midplane (see Fig. 5).
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Fig. 5

Figure 5 presents the dependence of fringe field and iron permeability in the midplane near the outer border of the screen on the outer screen diameter. If ( < (25, the iron can be considered fully saturated, and fringe field significantly increases. As it was in linear case with ideal screen, harmonics other than b3 do not change significantly through all the range of the outer diameter change.

As it is possible to see from the charts above, the screen diameter of 500mm gives reasonably low fringe field of 60 Gs near the screen. Nevertheless, it is necessary to mention a possibility to reduce screen diameter, which can be useful to simplify magnet assembly technology. It was shown that it is possible to use 40-mm diameter iron yoke and additional side screen to reduce significantly fringe fields. More over, sextupole does not change to the same extent when one uses an additional screen with 400-mm diameter yoke. It will be necessary to study this problem further to get reasonable requirements for the additional screen location and shape. 

Another important subject to study is excitation current effect at one chosen cross-section. Fig. 6 shows the dipole saturation effects and field-current dependence calculated using linear approximation. It is possible to see that the lost of magnetic field due to saturation effects reaches approximately 1 T at maximum current. 
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Fig. 6

Harmonics content dependence on the excitation current shows strong sextupole current dependence. Sextupole changes by 8 units when current rises from approximately 6 kA till 12 kA. It will be necessary to find a proper way to compensate this sextupole rise. One of obvious ways is to increase a gap between coil and iron yoke.

Other harmonics are not so sensitive to iron saturation. Only b5 shows a tendency to follow the b3 pattern, but total change for b5 is about 0.2 units.

Maximum achievable field can be found from the saturation curve after we find quench margin current. It is possible to do it if to compare maximum magnetic field that dipole coil cable sees and short sample field limit. Table 3 below shows short sample current density limit for IGC-type superconductor that will be presumably used to make cable for the HFD model [2]. Current values can be calculated, as we know number of strands, strand cross-section, and Cu/SC ratio (see Table 1).








        Tab. 3

B [T]
Jc (A/mm2)
Ic (A)

10
3074
36488

11
2427
28808

12
1886
22387

13
1435
17033

14
1063
12618

Chart in Fig.7 allows us to find both quench current, and maximum central field. As it is possible to see, quench current is about 18.25 kA, which is slightly higher than available current source allows. Central field that corresponds to this current is as high as 12.15 T. It is possible to see that the field is about 0.5 T lower than ROXIE prediction, but current required is about 500 A lager.
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Fig. 7

IV. Conclusion.

The results presented show that magnetic field can reach required level of 12 T with the use of a current source available at TD. Most concern is about the sextupole behavior. Even if not to take into the account superconductor magnetization effects, it will require efforts to solve the problem. Magnetization effects study is imperative for the future study. It is time to make final cable and cross-section choice in order to concentrate efforts on a right subject. Nevertheless, maybe additional loop will be required to get a final choice.
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		Bw (T)		3.03		6.02		8.77		11.35		12.62		13.88
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Sheet1

				The Results of ROXIE calculations of fields and harmonics

				for different radial positions of the yoke internal border

																harm_vs_ri.xls

		Riron (mm)		B mar (T)		B (T)		I mar (kA)		I (kA)		Eff (T/kA)

		50		12.8		14.227		16		17.714		0.8

		60		12.6		12.771		17.7		17.714		0.72

		70		12.4		11.89		18.4		17.714		0.67

		100		12		10.653		20		17.714		0.6

		Riron (mm)		B mar (T)		I mar (kA)

		50		12.8		16

		60		12.6		17.7

		70		12.4		18.4

		100		12		20

		Riron (mm)		b3		b5		b7		b9		b11

		50		3.68		-0.03		0.069		-0.409		0.161

		60		0.06		0.17		0.061		-0.456		0.18

		70		-1.25		0.22		0.064		-0.49		0.193

		100		-2.25		0.25		0.072		-0.547		0.215
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		X		I = 4000 A		I = 7000A		I = 8000 A		I = 12000 A		I = 16000 A		I = 18000 A		I = 20000 A

		0		-0.00056179		-0.00077682		0.00013651		-0.0033804		-0.0381878		0.00151711		-0.0250405

		0.5		-0.00037811		0.00265312		0.00846484		0.0176664		-0.0160984		0.0223163		-0.006006

		1		0.000273928		0.0129655		0.0333558		0.0804179		0.04976		0.0843354		0.0507607

		1.5		0.00190624		0.02992		0.0734365		0.180583		0.154864		0.18335		0.141443

		2		0.00121297		0.0504065		0.125897		0.316161		0.297294		0.317362		0.263932

		2.5		0.00281093		0.0802971		0.198517		0.499968		0.490308		0.49913		0.430298

		3		0.00407083		0.115763		0.285662		0.721734		0.723276		0.718498		0.631033

		3.5		0.00622731		0.158017		0.388522		0.982668		0.997437		0.976716		0.867392

		4		0.0075525		0.205143		0.504913		1.279959		1.309956		1.271021		1.136705

		4.5		0.0121834		0.262766		0.642739		1.627663		1.675485		1.615467		1.452195

		5		0.0171429		0.326482		0.795436		2.013645		2.081433		1.99803		1.802613

		5.5		0.0236412		0.397564		0.964401		2.439751		2.529729		2.420608		2.189802

		6		0.0275051		0.472031		1.145963		2.903288		3.01782		2.880562		2.610999

		6.5		0.0328804		0.554838		1.346349		3.414117		3.555969		3.387813		3.075639

		7		0.0394581		0.644636		1.56264		3.965252		4.136842		3.935431		3.577343

		7.5		0.0440186		0.738255		1.791763		4.554062		4.757891		4.520827		4.11346

		8		0.0501305		0.839255		2.037305		5.184383		5.423013		5.147872		4.687823

		8.5		0.0394996		0.930348		2.283565		5.845202		6.121716		5.805614		5.288824

		9		0.0322011		1.030533		2.547909		6.549568		6.866636		6.5071		5.930078

		9.5		0.0153724		1.126911		2.817416		7.284698		7.645038		7.239568		6.598802

		10		-0.0181039		1.212541		3.085459		8.045145		8.451649		7.997624		7.289405

		10.5		-0.0530515		1.3031		3.368549		8.850164		9.306093		8.800636		8.020893

		11		-0.11287		1.374303		3.641047		9.670486		10.1788		9.619419		8.764582

		11.5		-0.176442		1.447457		3.924602		10.5291		11.0931		10.4772		9.54355

		12		-0.243705		1.523155		4.220702		11.4307		12.0543		11.3792		10.3627
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		14.5		-0.0323903		2.537999		6.482276		17.1859		18.19		17.1887		15.7087
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Sheet1

				Harmonics content versus mu for Model Dipole

						I = 17.714 kA				(Corresponds to quench margine)

				MU		b3		b5		b7		b9		b11		b13		Bc

				2.5		-0.281		0.286		0.052		-0.515		0.213		0.005		10.791

				10		0.595		0.254		0.047		-0.48		0.192		-0.003		12.104

				100		0.916		0.233		0.04		-0.438		0.184		0.004		12.625

				1000		0.943		0.224		0.051		-0.446		0.176		0.011		12.74

						I = 17.714 kA				Corresponds to quench margine with ideal screen

		Dscr (cm)		b3		b5		b7		b9		b11		b13		Bfr		Mu_scr		Bc (T)		b3* (before correction)

		40		5.84		0.346		0.056		-0.476		0.185		0.003		930		23		11.65		6.54

		45		7.71		0.39		0.045		-0.477		0.192		0.012		236		80		11.745		8.41

		50		8.27		0.417		0.051		-0.482		0.189		0.002		68		250		11.772		8.97

		60		8.47		0.412		0.061		-0.471		0.197		0.01		4		3000		11.782		9.17
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Sheet1

				The Results of ROXIE calculations of fields and harmonics
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