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The construction of the model of the curved fast ramped superconducting dipole for FAIR SIS300 synchrotron
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Abstract— The FAIR facility, under development at GSI, includes the synchrotron SIS300 (300 Tm rigidity). In order to reach the required high intensities of proton and heavy ions beams, the bending dipole magnets have to be pulsed from the injection magnetic field of 1.5 T up to 4.5 T maximum field at the rate of 1 T/s. These 7.8 m long magnets have cos-theta shaped coils with a 100 mm bore and the particular characteristic to be geometrically curved (the geometrical sagitta is 114 mm). All these aspects demanded for a challenging R&D, aimed at the development of suitable winding and, more in general, construction technologies for fast ramped curved coils. The heart of the R&D program is the construction of a 3.9 m long model. The paper discusses the main problems faced during the design and the construction of the cold mass, mainly covering the aspects related to the manufacture.
Index Terms— Superconducting dipoles, fast ramped magnets.
I. INTRODUCTION

R
&D activities are ongoing at INFN aimed at developing the high field rapidly-cycling super-conducting dipoles needed for the SIS300. This activity is performed in the framework of a project called DISCORAP (DIpoli SuperCOnduttori RApidamente Pulsati), according to a specific INFN-FAIR Memorandum of Understanding signed by both institutions in December 2006. The SIS300 is one of the main synchrotrons of the Facility for Anti-proton and Ion Research (FAIR) [1] under development at GSI in Darmstadt; it will accelerate intense heavy ion beams at high energy (e.g  2 109 per second U92+ up to 34 GeV/u). The present lattice design includes 48 long dipoles with magnetic length 7.757 m (sagitta 112.8 mm) and 12 short dipoles with magnetic length 3.94 m (sagitta 28.2 mm). Besides the curved layout, these coils have the characteristic to be fast cycled [2]. Both these aspects demanded for a challenging R&D, aimed at the development of a low loss conductor, a robust design with respect to fatigue issues and a suitable winding technology [3,4]. As first step of the DISCORAP project some coil winding tests were done culminating with the construction of a dummy coil for assessing the constructive feasibility of the curved coil. In parallel, design activities were performed and a Technical Design Report was issued reflecting the conclusions of these design and winding tests activities [5,6,7,8,9]. 

The second step consisted in the construction of a complete model magnet composed of a cold mass enclosed in its horizontal cryostat. This step, which it is now close to be concluded (deadline summer 2010), is the main subject of the present paper, which is focused on the critical aspects of the design and the construction of the cold mass. Information will be given about the difficulties met in the construction of a curved cos-theta superconducting dipole involving a Rutherford conductor optimized for low ac losses.
The requirements for the model under construction are the same of the SIS300 short dipole magnet and are shown in Table 1. It is remarkable that the model contains most of the features and the characteristics of the SIS300 short dipoles (the dimensions are exactly the same), so it constitutes a significant step towards the synchrotron development. 
II. Design criteria 
In this section the design criteria are briefly resumed following a historical approach. The starting assumption for the design was that a curved coil should be wound curved rather than bending a straight coil. The reasons of this choice were discussed in a previous paper [4] and are related to the mechanical stability of the magnet.
TABLE I MAIN REQUIREMENTS OF SIS300 SHORT DIPOLES
	Nominal Field (T) :
	4.5

	Ramp rate (T/s) 
	1

	Radius of magnet geometrical curvature (m) 
	66 2/3

	Magnetic Length (m)
	3.784

	Bending angle (deg)
	3 1/3

	Coil aperture (mm) 
	100

	Max operating temperature (K) 
	4.7
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Fig. 1.  Cross section of the magnet. The overall external diameter is 500 mm. 
TABLE II MAIN CARACTERISTICS OF THE MODEL MAGNET
	Block number
	5

	Turn number/quadrant
	34 (17+9+4+2+2)

	Operating current (A)
	8920

	Yoke inner radius (mm)
	96.85

	Yoke outer radius (mm)
	240.00

	Peak field on conductor
 (with self field) (T)
	4.90 

	Bpeak / Bo
	1.09

	Working point on load line
	69%

	Current sharing temperature (K)
	5.69


In order to simplify the construction we chose a single layer coil, mechanically supported mainly by the collars and only partially by the iron yoke. This lay-out, at the limit for a 4.5T magnet, requires a 36-strand Rutherford cable [6], very similar to the LHC dipole cable for outer layer. In fact the cable presents substantial differences with respect to the LHC one, being optimized for low ac losses (fine filaments and presence of a thin stainless steel sheath core for cutting the inter-strand currents, which are a source of large ac losses) [6]. 
As result of these basic choices and after a dedicated magnetic design activity, a 5 block lay-out was chosen [5]. The winding is mechanically supported by a 30 mm thick collar of high strength austenitic steel with very low magnetic permeability. The collars were designed to be assembled on the coil following the geometrical curvature. 

The iron lamination is mechanically coupled to the collared coil in a way to give no further pre-stress but to limit the collared coil deformation (especially in the mid-plane region) during magnet energization.

Table II shows the main characteristics of the model magnet. A cross section is shown in Fig.1.
III. Construction Issues
A. Winding and curing
A special winding machine was developed to wind the cored Rutherford cable on a curved mandrel. This tool is partially similar to the ones involved in LHC dipole winding (i.e. the spool with conductor is moved around the mandrel, whilst the conductor is deposited onto the mandrel), with important modifications regarding the mandrel. In our case the mandrel is curved and includes a system for keeping the conductor tightly attached to it (that is absolutely necessary for the concave side). Moreover the mandrel can be rotated around the axis and moved along both vertical and horizontal axis in a way to optimize the positioning of the turns. Fig.2 shows the winding operations.

The difficulties of this operation were: a) the curved mandrel itself (a component obtained by a precise machining operation of a stainless steel single block); b) the winding operation requiring a critical setup of the winding machine parameters different for each turn; c) the need to avoid manual interventions of the operator causing unwanted and permanent deformation of the cored cable. The commissioning of the machine took a considerable time; several winding tests were done and winding models were built.
The curing was done following the same thermal cycle used for LHC dipoles under a pressure of 70 MPa. This operation required a tool complementary to the mandrel, i.e. a curved mold enclosing the coil placed on the mandrel (See Fig. 3). The construction of this mold was done with the same criteria and tools used for the mandrel and resulted even more difficult.
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Fig. 2.  One pole of the model coil under winding
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Fig. 3.  The mold for coil curing under pressure. The geometrical curvature is clearly shown.
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Fig. 4.  The collars (composed of two parts) fitting into the iron yoke. 

B
Collaring

The collars (shown in fig.4 also including half section of iron yoke lamination) are plates 2.8 mm thick, made of high strength austenitic steel developed by Buderus Edelstahl expressly for this project The alloy is characterized by a high content of manganese and nickel (both at 11.5%) and has a high elastic limit; the yield stress is 650 MPa at RT and 1800 at 4.2K; the tensile stress is 860 MPa at RT and more than 1900 MPa at 4.2K. The elongation at 4.2K is acceptable (23%) and the magnetic permeability 1.0019 (a good value for an accelerator magnet). In fact the mechanical properties are higher than expected. With these values, the collars can provide the required strength needed for supporting the cyclic load [7], with the iron yoke playing no role in the mechanical support.

After the curing, the two poles are single blocks, of which we need to know the precise geometrical dimensions under pressure. In the first design an azimuthal pressure of 50 MPa was chosen, hence the poles were places under a calibrated pressing device, able to give the differences of the azimuthal dimension with respect the nominal one at 50 MPa. This is a central point of the construction because on the basis of this measurement the mechanical shims are chosen (and placed on the poles) for obtaining the proper azimuthal pressure when the coil is enclosed between the collars. In our case we can account for dimensions up to 1 mm higher than nominal.
In fact we found that both poles were 0.2 mm azimuthally bigger. Moreover we decided, at a later stage of the design, to apply an azimuthal pre-stress of 70 MPa, so the mechanical shim was calibrated for accounting both the larger coil dimension and the higher pre-stress. After covering the poles with quench heaters, ground insulation and coil protection sheaths, the coil was placed between the half-collars, pre-assembled in groups of 10 having a length of 28 mm. The blocks of collars were adapted on the curved coil involving the use of thin stainless steel washers (placed on the convex side), for being able to follow the coil curvature. Once the collars were pre-assembled on the coil, the whole object was put inside a large press for applying the 1200 t required for closing the collars. Fig 5 shows the coil inside the collars during the collaring operation in the press. 

Surprisingly the pressure to be applied, for aligning the holes hosting the keys (visible in Fig.5 at the mid-plane), resulted 30% lower than nominal. This phenomenon has not yet completely clarified; we believe that the dimensions of the coil under pressure, as measured using the calibrated pressing device (400 mm long) are not correct. May possible reasons were investigated and we are now studying the possibility that a mechanical creep of the turns takes place under a pressure applied to the whole coil. In order to have the correct azimuthal pre-stress, the collars were removed (re-applying the pressure and keeping away the keys) and larger shims were inserted, before collaring again. This time the operation was done at the expected pressure.
B. Integration into the iron yoke

The basic elements of the yoke are 1 mm thick plates of silicon steel M600-100A according to EN 10106.  The plates are assembled in blocks and then the blocks composed into the yoke, which is divided in two halves (upper and lower, a cross section of which is shown in figs.1 and 4). There are four main curved blocks of average length 907.5 mm and two smaller straight blocks (216 mm) for the ends made of stainless steel (in order to limit the magnetic field at the coil ends the end parts of the yoke are not magnetic).
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Fig.5. The coil inside the press during the collaring operation. The photo captures the moment when the cavities housing the keys on the collars are aligned. 

Fig.6 shows the collared coil partially assembled into the lower half-yoke. A critical operation is the block assembly. Each block (made of 923 plates) must have the correct curvature for fitting with the neighboring blocks and the collared coil.

Once the upper yoke was assembled too, the magnet was put inside the same press used for the collaring and a pressure was applied up to the two halves of the yoke went into contact at the mid-plane. The gap to be closed in the mid-plane was 160 m (in fact it was about twice this value because of the collared coil deformations) [7]. The calculated force for closing the gap was 1200 t; in fact half of this value was enough for closing the gap and apply the c-clams joining the two halves of the yoke (see fig. 7).
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Fig. 6. Lower half yoke hosting the collared coil. Both halves of the yoke are composed of 4 large blocks in silicon steel and two small blocks in stainless steel at the magnet ends. 
C. External shell
At present time the magnet, as shown in fig. 7, is ready to be enclosed into the external shell. The main body of the shell is a curved cylinder, composed of two stainless steel AISI316L halves (see Fig.8), to be coupled to the magnet and welded at the mid-plane. The shell is 10 mm thick so to provide enough rigidity to the whole structure. At room temperature, it is not pressed around the magnet structure but only coupled with a calibrated small gap between shell and magnet. Once cooled down to 4.2 K, due to the differential thermal contraction a soft contact should raise at the interface shell-iron yoke.
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Fig. 7. The magnet as appearing after integration into the iron yoke
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Fig. 8. The magnet external shell. A cylinder divided into two halve to be nd welded at the mid-plane.
This is an important aspect of the design to be verified with the test: the magnetic force in the plane normal to the coil axes are supported by the collars only, whilst the longitudinal magnetic forces are supported by the external shell. In order to compact the end parts, a suitable longitudinal pre-stress of the coil is required; as discussed in [10] this pre-stress is naturally applied only cooling-down the magnet. 
At the coil ends two domed caps will close the magnet and will include the electrical and hydraulic exits as shown in Fig.9
IV. Field Quality

After collaring and after integration into the iron yoke, the field quality was measured using a rotating mole with active part 650 mm long and 60 mm diameter. This tool has been developed at CERN for a different project. 
[image: image9.jpg]



Fig. 8. The magnet ends with a domed cap (shown in transparency), beam pipe (at the magnet center), re-cooling pipe (on the top) and exits.
In our case we were interested to the field quality at 70 mm diameter, so the existing mole was an excellent tool just requiring a moderate re-scaling of the measured harmonics

In design phase, the multipole harmonics were optimized considering the dimensions of turns at 50 MPa. In fact the mechanical stress causes the coil shape to be different from the ideal. Moreover, as before mentioned, the applied pre-stress was 70 MPa /rather than 50 MPa initially planned), for being sure to have a significant azimuthal stress in any operating conditions. The calculated sextupole component, when the magnet is at room temperature, was 6.7 units in 10-4 and the decapole -0.6 units (see Fig.27 in [9]).

The measurements were done with a current of ±20 A, with the magnet generating 100 G. The main normal and skew harmonics are shown in Table 3. It is remarkable that the sextupole component is in a very good agreement with the calculated one. The decapole is higher and we have to investigate the sources of this component for reducing it in next models/prototypes. In general the field quality appears to be promising considering that this model is the first object of its class. 
TABLE 3 MEASURED FIELD MULTIPOLES
	Normal
	 Units in 104
	
	Skew
	Units in 104

	B1
	104
	
	A1
	0.16

	B2
	0.78
	
	A2
	0.82

	B3
	6.52
	
	A3
	-1.32

	B4
	1.78
	
	A4
	-1.57

	B5
	-3.03
	
	A5
	-0.22

	B6
	0.72
	
	A6
	0.31

	B7
	0.55
	
	A7
	0.15


The coil ends have larger values of the main multipoles (up to -26 units for the sextupole integrated along the 650 mm of the mole length); this region needs more deep studies in the next future.

V. Conclusion

A model of the superconducting dipoles for FAIR SIS300 is under development at INFN. After 5 year of R&D activities, a magnet 4 m long is in its final stage of the construction. The involvement of a cored conductor and the requirement of a geometrically curved coil demanded for the development of particular and innovative constructing tooling, methods and procedures. In the paper we have discussed many construction aspects: a) the solutions adopted for winding the cable onto a curved mandrel, b) the procedures used for curing the curved coil and for collaring it keeping the curvature, c) the method for constructing the curved laminated yoke and for assembling the collared coil into the yoke. 
According to the last planning, the cold mass will be finished within the summer 2010. After a preliminary test of the cold mass in a vertical cryostat, it will be integrated into a horizontal cryostat for a test campaign at GSI (third step). 
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