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Overview

At present a decision of the superferric quadrupole application has been taken in the design of FAIR multiplets. Besides some advantages inherent to this superconducting quadrupole design, there are also two rather significant disadvantages:
1.  A very big weight of the ferromagnetic yoke, which is placed inside the helium tank. For example the yoke of the long quadrupole magnet weighs over 12 tons and weight of a short one is 8 tons. 
2.  A strong impact of saturation effects on the level of high harmonics in the working aperture of the quadrupole magnet. 

The above-mentioned considerations together with the necessity of production of 20 Multiplets for the Super-FRS, the cold part of each has weight over 37 tons, have made us continue search for an optimal design of the superconducting quadrupole magnet for the Super FRS.
Magnetic design of quadrupole
We took the superconducting design of cosine quadrupole for a starting point. Since the aperture is large and the length of quadrupole is short, each of a superconducting winding quadrant was divided into three coils, each 15 degrees long. Each subsequent coil is placed at a larger radius as compared with the preceding one (see Fig.1). 
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Fig.1  Cross-section of the superconducting winding quadrant.  
As a result, we managed to make the length of the end parts of the winding three times as small as compared with the conventional design of cosine quadrupole magnet. Otherwise, almost 100% of magnetic length of the short quadrupole would fall on the end parts and there would be practically no regular part, occupied by the two-dimensional field. 
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Fig.2  General view of the superconducting winding. 
The superconducting coils are wound from a superconducting NbTi conductor which has a rectangular form, with a 1×2 mm cross-section. The first two inner coils of the superconducting winding consist of four layers, each containing 65 turns. The outer coil consists of two layers, 55 turns each. To simplify coil winding we have chosen uniform current density in each of the layers. The superconducting coils are connected in the following way. At first, the four lowest coils are connected with each other in series. Then the four middle coils are connected to them in series and the four outer coils of the winding are connected at the end of the electrical circuit.  The scheme of connection of the superconducting coils with current sources is shown in Fig.3.

[image: image3.wmf]
Fig.3  Electric circuit of the quadrupole
A disadvantage of such a scheme is that besides the main current source with Imax=800A, two supplementary current sources with Imax=50A are required. Presence of the supplementary current sources allows high-accuracy compensation of geometrical discrepancies in the superconducting coil shape that arise during its manufacture and cool-down. The optimal correction currents will be selected in the course of magnetic measurements of each quadrupole. The criterion of the optimal correction currents is the minimum amplitudes of the 6th and 10th field harmonics.
Because of the lack of a ferromagnetic material nearby superconducting winding the level of non-linearity has a weak dependence from the value of gradient. In order to reduce scattered fields outside the quadrupole magnet, we use room-temperature ferromagnetic screen, which is placed outside the cryostat, at a radius of 40 cm from the centre of the magnet. At such distance the ferromagnetic material of the screen is never saturated. This excludes its influence on the value of non-linearity in the working aperture of the quadrupole. Placement of the ferromagnetic material out of the cryostat has made the weight of the cold part of the magnets smaller by one order in comparison with superferric quadrupole and also significantly decreased the total weight of the ferromagnetic material owing to a big gap between the superconducting coil and ferromagnetic screen.
Magnetic field calculation
We used two codes, Mermaid and Mastac, for 2-3D magnetic calculations. At the first stage, all optimization calculations were done with the Mermaid code, see Fig.4 and Table 1. 
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Fig.4  Distribution of magnetic induction at the center of the quadrupole magnet. 
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Table 1  Harmonic amplitude (kG) at a radius of 19 cm. 
Mermaid uses a rectangular mesh in the longitudinal direction. Therefore, because of the large radius of the working aperture and the small length of the quadrupole magnet, errors caused by inaccurate definition of the end parts of the coil influenced significantly on the calculation accuracy. In order to improve the accuracy, in the end we applied the code Mastac, the tetrahedron mesh of which allowed high-accuracy definition of the real three-dimensional geometry of the coil. Fig. 5 presents the superconductive coil design, where the geometry of each turn is described with high accuracy. 
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Fig.5  Geometry of the superconducting coil.  

 The final results of the magnetic calculation are presented in Tables 1 and 2. It can be seen that non-linearity at the centre of the quadrupole magnet as well as contribution of non-linearities arising on the ends of quadrupole can be efficiently suppressed with a correct choice of the superconducting coil geometry and correction currents. Since the ferromagnetic screen is not saturated, non-linearity in the quadrupole magnets does not depend on the current level and for this reason the maximum amplitude of the 6th and 10th harmonics at a radius of 19 cm is always less than 10-3.
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Table  2.  Integral amplitudes of field harmonics at a radius of 19 cm. 
Table 3 presents magnetic forces acting at the gradient G=1kG/cm over 1 cm of the superconducting winding length.
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Table 3.  Coil 1 designates the lower coil; Coil 3, the middle coil; 
Coil 5, the outer coil.   Fx and Fy are stated in kilograms.
Electro magnetic parameters of the short and long quadrupole are presented in Table 4
	
	
	Long quadrupole
	Short quadrupole

	Field gradient
	kGs/cm
	1
	1

	Effective magnetic length
	cm
	120
	80

	Cryostat length
	cm
	160
	120

	Maximum current
	A
	785
	785

	Stored energy
	kJ
	552
	369

	Inductance
	H
	1.8
	1.2

	Conductor size
	mm
	1×2
	1×2

	Ic margin (Ic/Imax)
	
	2.1
	2.1

	Vmax of the quench
	V
	25
	20


Table 4  Electro magnetic quadrupole parameter
Quench analysis
To protect the superconducting coils against high voltage and high local temperature during quench, the quadrupole magnet design includes a heater, which is a stainless band with a 0.1×5 mm cross-section. The band is located between the layers in the end part of the coils. At the first signs of appearance of a normal zone in the winding, a capacitor bank is discharged onto the heater, which evokes a normal zone in each of the superconducting turns in a few milliseconds. The application of active protection reduces the time of current decrement as well as maximum voltage and peak temperature in the superconducting winding.
Fig.6 presents heat transfer properties of materials composing the superconducting conductor.
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Fig.6. Thermal properties of the superconducting conductor.
It is well known that results of the quench calculations are mainly defined by the velocity of normal zone propagation in the superconducting coils. Since it depends on a lot of hard-to-estimate factors, all calculations have been done for three velocities, namely 25, 50, and 75 m/s. Comparison of our calculation results (see Fig.7-10) with the results was estimated by Toshiba for the superferric quadrupole confirms the great role of the active protection during quench. For instance, the maximum voltage amplitude induced in each of the coil of the superconducting winding does not reach 10 V and owing to fast current decrement, the maximum temperature of the coil turns out to be even lower than in the superferric quadrupole in spite of 2.6 times larger current.
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Fig.7  Current vs. time for the three velocities 
(the red line is for  25 m/s; the blue line is for 50 m/s; the green line is for 75 m/s).
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Fig.8  Resistance vs. time for the three velocities 
(the red line is for  25 m/s; the blue line is for 50 m/s; the green line is for 75 m/s).
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Fig.9  Total voltage vs. time for the three types of sections
(the red line is for  25 m/s; the blue line is for 50 m/s; the green line is for 75 m/s).
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     Fig.10  Temperature distribution over the length of a large section turn for the three velocities:  

(the red line is for  25 m/s; the blue line is for 50 m/s; the green line is for 75 m/s).
Quadrupole design
Fig.11 presents the cross-section of the quadrupole magnet. There is 8 mm gap between the inner wall of the helium tank and the cylindrical metal frame on which the main coils are placed. The octupole correction coils are to be located there. 

[image: image17.wmf] Fig.11  Horizontal and longitudinal cross-section of quadrupole
The technique of correction coil manufacture and fixation repeats that developed by Toshiba. The technique for main coil manufacture is shown in Fig.12. At first four superconducting winding quadrants containing three coils are wound around saddle plates. They are mounted around the cylindrical metal frame. Then with help of spacer plates and stainless steel band with a 1×2 mm cross-section the quadrants are clamped to the inner cylinder with a force that exceeds maximum magnetic forces arising in the coils. In order to the restraining forces exceed the magnetic ones it is enough to wind 7 stainless band layers with a pretension of 10 kg/mm2. The use of this bandage ensures no coil moving during current increase/decrease. After the winding has been clamped and the coil terminals have been soldered into a common electric circuit, the superconducting winding is impregnated with epoxy resin. 

After the main and octupole correction windings have been produced, the inner wall of helium tank with placed around it correction winding is inserted into the main one. Then the inner wall of helium tank is symmetrically fixed inside of the cylindrical metal frame with the help of stainless steel wedges. Then both windings are placed in a special helium cryostat for conduction of a full cycle of tests and magnetic measurements. Assembly of the quadrupole magnet can be continued only after successful completion of these preliminary tests of the superconducting coils. 

[image: image18.wmf]

Fig.12  Technology of coil manufacture
We plan to apply 2-stage links which reduces heat flow to the helium tank. Part of the link between the helium chamber and nitrogen screen is made of carbon fiber composite and other part between the nitrogen screen and outer wall of the vacuum cryostat is made of glass fiber composite. To avoid thickening of the outer wall of the vacuum cryostat, the ends of the links are fastened not to its wall but to the ferromagnetic screen, which not only screens scattered fields but also plays the role of a support frame for the vacuum cryostat. The cross-section of the links shall be selected reasoning from the weights of the helium tank together with superconducting winding, nitrogen screen and magnetic forces arising in coils during quench. Magnetic forces acting on the links arise only when the circular symmetry between the helium chamber and nitrogen and ferromagnetic screens is violated. Since the nitrogen screen is planned to be made of copper, it is necessary to pay special attention to its rigidity to avoid residual deformations caused by magnetic forces arising in it during quench.
The FAIR multiplet design suggested by Toshiba implies the usage of one cryostat about 7 m long for three quadrupoles and two sextupoles. In our opinion, such a decision complicates the design and raises the price of the FAIR multiplet. Manufacturing, tuning, and serviceability of the FAIR multiplets will be much simpler and safer if the FAIR multiplet is divided over three separate cryostats. The long quadrupole is installed into the central cryostat, and each side cryostat comprises one short quadrupole and one sextupole. As a result the lengths of each of the cryostats will be approximately equal, about 2 meters. Such cryostat length allows rather simple application of rotating coil for conducting harmonic analysis of magnetic field in the working aperture of the quadrupole and accurate alignment of the magnetic axes relative to outside geodesic signs.
Superconducting coil strength evaluation
Fig. 13-15 presents results calculations of magnetic forces acting on the superconducting coils for the maximum current value. The thickness of the inner coil frame was taken equal to 10 mm and the thickness of outer stainless steel bandage was taken equal to 5 mm. The calculation was made when a pre-tension of the stainless bandage was absent. In this case we have maximum value of coil deformations. In the figures, the contours show the coil positions before cool-down. 
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Fig.13  Direction and values of the magnetic forces acting on the coils
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Fig.14  Stress in the superconducting winding quadrant
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Fig.15  Total deformation in the superconducting winding quadrant
It can be seen from Fig. 15 that coil deformation has not exceeded 0.13 mm. Taking into account the big dimensions of the coil as well as the fact that deformation occurs gradually and takes 2 minutes, we can expect that there will be no quench even in the case of no pre-tension.
Conclusion
Comparison of the above-described multiplet design with the Superferric Multiplet let us note the following significant advantages:
1. A small weight of the cold part of quadrupoles, which makes the cool-down process much less energy-consuming and faster.
2. Current maintenance such type of quadrupoles requires a less refrigerator power because of smaller heat leakages since its value depends on the weight of the cold part of quadrupoles and the area of the outer surface of the helium tank.
3. At high level of gradient the non-linearity is almost one order lower in comparison with superferric quadrupole because of no saturation effects. 
4. Possibility of preliminary testing of superconducting winding before the process of final assembly of the quadrupole starts. These tests can be conducted because of the small weight of the cold part of the quadrupole.
5. Placement of magnetic elements of multiplet in three short cryostats instead of one long cryostat makes the process of multiplet manufacture much simpler, faster and cheaper.
Disadvantage of the suggested design is an application of a rather big amount of supplementary current sources. The use of supplementary current sources makes the winding process much simpler and relax requirements to geometrical dimensions of the coils. It is possible to do quadrupoles without the supplementary current sources if the design of coils is made more complicated and the accuracy of their geometrical sizes is increased.
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Harmonics3d

		токи: I1 = 204255 A, I2 = 186500 A, I3 = 80500 A								I2 - 4(kA), I3 - 2(kA)

		длины: L1 = 1.14 m, L2 = 1.14 m, L3 = 1.092 m								L3 + 0.02m

				Fourier expansion coefficients of the scalar potential				Magnetic field amplitude at radius 0.19m						Relative value of multipoles

		Multipole number		An		Bn		n*(r^n-1)*An		n*(r^n-1)*Bn		n*(r^n-1)*Hn		Hn/H2

		1		-1.76E-16		4.86E-17		-1.76E-16		4.86E-17		1.82E-16		1.59E-16

		2		-3.62E-05		3.016142101		-1.38E-05		1.146133998		1.146133999		1

		3		9.31E-16		-2.31E-15		1.01E-16		-2.50E-16		2.69E-16		2.35E-16

		4		-1.00E-15		-6.45E-15		-2.75E-17		-1.77E-16		1.79E-16		1.56E-16

		5		-4.66E-15		-1.28E-14		-3.04E-17		-8.33E-17		8.86E-17		7.73E-17

		6		0.0143901833		0.3598259014		2.14E-05		0.0005345787		0.0005350061		0.0004667919

		7		3.33E-13		-5.06E-13		1.10E-16		-1.67E-16		1.99E-16		1.74E-16

		8		5.46E-14		-2.04E-12		3.90E-18		-1.46E-16		1.46E-16		1.27E-16

		9		-1.49E-11		-2.72E-12		-2.27E-16		-4.16E-17		2.31E-16		2.02E-16

		10		3.919927917		-95.83625179		1.26E-05		-0.0003092518		0.0003095104		0.0002700473

		11		-1.00E-10		-3.04E-10		-6.77E-17		-2.05E-16		2.16E-16		1.88E-16

		12		1.43E-10		-1.79E-09		1.99E-17		-2.50E-16		2.51E-16		2.19E-16

		13		1.63E-09		-1.68E-08		4.68E-17		-4.82E-16		4.85E-16		4.23E-16

		14		903.831967		-59418.22405		5.32E-06		-0.0003498199		0.0003498604		0.0003052526

		15		1.17E-07		-2.72E-07		1.41E-16		-3.26E-16		3.55E-16		3.10E-16

		16		9.64E-08		6.71E-07		2.34E-17		1.63E-16		1.65E-16		1.44E-16

		17		1.56E-06		-4.88E-06		7.63E-17		-2.39E-16		2.51E-16		2.19E-16

		18		461004.4561		-41608118.96		4.55E-06		-0.0004104515		0.0004104767		0.0003581402

		19		3.51E-05		-0.0001639659		6.94E-17		-3.24E-16		3.32E-16		2.89E-16

		20		0.0020956065		0.0001490599		8.29E-16		5.90E-17		8.31E-16		7.25E-16
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