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Technical Specification for 
the construction of the cold mass of a prototype superconducting dipole magnet for FAIR SIS-300
1. Introduction
The FAIR facility under construction at GSI in Darmstadt includes the synchrotron SIS300, a very advanced accelerator having as bending components superconducting dipoles, which shall generate a magnetic field of 4.5 T in a bore of 100 mm. For maximizing the acceptance they shall be curved with a radius of 66.67 m. Dipoles of different length will be included in the lattice: 48 long dipoles (7.8 m magnetic length) and 12 short (3.9 m). The three main features of these dipoles are: 1) the geometrical curvature (the corresponding sagitta for the long dipole version is 114 mm), 2) the high ramp rate (1 T/s) and 3) the large number of magnetic cycles (107). All these characteristics demand for a challenging R&D, aimed at the development of a low loss conductor, a suitable winding technology and a mechanical structure able to hold the fatigue stresses. This R&D activity is presently in progress at the Italian National Institute of Nuclear Physics (INFN) in the framework of a project called DISCORAP (“Dipoli SuperCOnduttori RApidamente Pulsati”), aiming to develop a prototype of short dipole. These activities are organised according to a Memorandum of Understanding between INFN and FAIR, signed on December 2006.
Many activities are under way and some of them were already completed. In particular INFN has developed a conceptual design of the curved dipole cold mass. This design is supported by the assessment of the manufacture technologies developed at industrial level obtained through the construction of winding models of the curved dipole. On the basis of this design it is now possible to move to the construction of the cold mass, which is the object of this specification. 
2. Scope of the Supply

This specification is aimed to the construction of the cold mass of the prototype of short dipole for SIS300 on the basis of the conceptual design provided by INFN and developed in cooperation with industry. 
The supply is composed of the following five deliverables:
1. Engineering design of the prototype curved dipole. The engineering design documentation shall consist in a set of executive drawings and engineering reports covering the whole cold mass design issues: geometrical and electrical lay-out, winding procedures, collaring and implementation of the iron yoke, interfaces with the cryostat. The activity shall be performed on the basis of this specification and the attached documents, preliminary to a complete Technical Design Report, which will be provided by INFN within two months from the contract start
2. Engineering design of general equipments for the construction.  In this category winding machine, curing press, collaring press, Young modulus measurement tools and other minor equipment are included
3. Engineering design of specific equipments for the winding and the thermal curing of the curved coils. In this category winding mandrel, polymerization moulds are included.

4. Construction of the cold mass. This includes activities and materials for 4.1) Winding of the dipole with a cable provided by INFN, 4.2) Curing; 4.3) Collaring, 4.4) Iron yoke implementation, 4.5) Integration in the Cryogenic vessel, 4.6) Electrical and hydraulic (cryogenic) exits preparation and instrumentations, 4.7) Quality control
5. A complete set of documents at the conclusion of this contract including a complete set of "as built" assembly and detail drawings of all the components associated with this contract, both in hard copies and as electronic files according a format to be agreed
3. Cable Characteristics
In this section a detailed description of the conductor provided by INFN, to be used for the construction, is given with the aim to make clear the operating conditions to be met by the winding.
3.1 Characteristics of the strands

	Wire
	
	

	Diameter after surface coating
	0.825 ± 0.003
	mm

	Filament twist pitch
	5 +0.5 -0
	mm

	Effective Filament Diameter for

1st Generation wire
	3.5
	m

	Effective Filament Diameter for

2nd Generation wire
	2.5
	m

	Interfilament matrix material
	Cu-0.5 wt%  Mn
	

	Filament twist direction
	right handed screw (clockwise)
	

	Ic @ 5 T, 4.22 K
	> 541
	A

	n-index @ 5 T, 4.22 K
	> 30
	

	Stabilization matrix
	Pure Cu
	

	Strand transverse resistivity at  4.22 K
	0.4 + 0.09 B [T]
	n∙m

	Cu+CuMn:NbTi ratio (ratio
	>1.5
	

	ratio tolerance
	± 0.1
	

	Surface coating material
	Staybrite (Sn-5 wt% Ag)
	

	Surface coating thickness d
	0.5
	m


3.2 Characteristics of the cable
	Geometrical
	
	

	Strand Number
	36
	

	Width
	15.10 +0 -0.020
	mm

	Thickness, thin edge
	1.362 ± 0.006
	mm

	Thickness, thick edge
	1.598 ± 0.006
	mm

	Mid-thickness at 50 MPa
	1.480 ± 0.006
	mm

	Edge radius
	≥  0.30
	mm

	Core material
	AISI 316 L stainless steel, annealed

	Core width
	13
	mm

	Core thickness
	25
	m

	Transposition pitch
	100 ± 5
	mm

	Cable transposition direction
	left-handed screw thread
	

	Electrical
	
	

	Ic @ 5 T, 4.22 K
	>18,540
	A

	Stabilization matrix RRR
	>70
	


3.3 Unit lengths
The length of cable provided by INFN will be enough to wind two poles. Actually the cable will be provided in three units for a total length of 1080 m. Two units will be used for winding each of the two poles composing the 3 m long prototype magnet, while the third one will serve as a spare. 
3.4 Insulation of the cable

The cable insulation is designed to provide simultaneously the required electrical insulation level, allow for heat transfer (achieved by allowing supercritical helium to permeate the insulation and wet the conductors) and maintain the coil turns in their position. Insulating the cables is under the responsibility of the Contractor and according to a procedure to be approved by INFN. Three layers (one tape 2/3 overlapped) of polyimide tape 25 m thick shall be applied. A 4th layer shall be added (68 m thick); this layer is provided on one side with an adhesive coating, which becomes adhesive during a heat treatment at 190 °C, referred to as curing. The tape of the insulating layer #4 shall be wound with its adhesive side on the outer surface of the insulated cable. The cables shall be carefully cleaned on-line before wrapping the insulation. 

4. The lay-out of the SIS300 dipole
4.1 General Description

The cross-section of the dipole cold mass is shown in Fig.1, which contains all the components cooled by supercritical helium. Following the LHC dipole phraseology, the cold mass consists of a so called active part, which is the core of the magnet itself, providing the apertures for the “cold bore tube” (i.e. the tubes where the beams will circulate), and of ancillary parts allowing operation at 4.5 K in supercritical helium. The dipole cold mass has an overall length of about 4200 mm (ancillaries included), a diameter of 480 mm (at room temperature) and a mass of about 10 t. The cold mass is curved in the horizontal plane with curvature of about 66 m 2/3 at 4.5 K, so as to match closely the trajectory of the particles. Main parameters are shown in Table III.
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Fig.1
Cross section of the cold mass.

              Table III. SIS300 Prototype Dipole Main Characteristics.

	Magnetic Field
	4.5
	T

	Effective length of the prototype
	3878.5 
	mm

	Bending angle
	3 1/3
	degree

	Bending  radius  
	66 1/3
	m

	Allowed maximum slot length
	4818.3 
	mm

	Free aperture (inner side of the beam pipe)
	86 
	mm

	Coil inner diameter 
	100
	mm

	Field quality in 10-4 units @r= 35 mm (70 % of coil ID) in operating conditions  (note a)
	 ± 2
	

	Field quality in 10-4 units @r= 35 mm (70 % of coil ID) at RT after coil collaring (note a)
	 TBD
	

	Ramp rate 
	1
	s


Notes:

a) The constructor is not responsible of the field quality at RT, but only for the accomplishment of geometrical requirements. The value will be determined later on the basis of an agreement with INFN.
The active part is made of:

1) The coil consisting of an upper and a lower pole. Each pole consists of a single winding (See Table IV and Fig. 2 ) The conductor turns are grouped in blocks approximating the ideal current distribution generating a homogenous dipole field .The coil is equipped with quench heaters, the purpose of which is to trigger a general transition from the superconducting to the normal conducting state (“quench”) in the case of detection of a local quench.
2) A non-magnetic, force-retaining laminated structure, made up of austenitic steel collars (Fig 3). This structure confines and pre-stresses the coils strictly maintaining their geometry in presence of the very high electromagnetic forces occurring during magnet testing and operation

3)  A laminated iron yoke split into two parts in the horizontal plane of symmetry, providing the return path for the magnetic flux and conferring mechanical rigidity to the whole structure (Fig.4). The two halves of the yoke are kept together through stainless steel clamps. The yoke is completed at the ends (Fig. 5) by nested non-magnetic/magnetic laminations to lower the magnetic field at the coil ends and to close the stray magnetic field.
4)  A stainless steel containment, made up of several welded shells, surrounding the yoke. It acts as the major part of the helium containment vessel. It is able to resist pressures up to 20 bar, which occur when the magnet coils quench and energy is dissipated inside the cold mass. Quenches will occur during magnet testing before installation and may occur during magnet operation in the SIS300 tunnel.
5)  Two austenitic steel end plates ending the active part at both extremities, and absorbing the longitudinal electromagnetic forces.
The main ancillary components are:

1) Superconducting bus-bars for the electrical connections. These components will be provided by INFN. The constructor shall provide the manpower for their integration into the cold mass.
2) The connection elements to two cold mass support bases.  These components will be provided by INFN. The constructor shall provide the manpower for their integration into the cold mass.
3) Instrumentation wiring and the instrumentation feed through system.  These components will be provided by INFN. The constructor shall provide the manpower for their integration into the cold mass.
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Fig.2 The two poles of the dipole
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Fig.3 Iron lamination
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Fig. 4 Coil end

              Table IV. SIS300 Prototype Dipole Lay-out Characteristics.

	Number of turns
	34
	

	Number of blocks
	5 
	

	Radial thickness of austenitic steel collars
	30
	mm

	Axial thickness of Stainless Steel collars
	1
	mm

	Coil wedges and fillers material
	G11 
	

	Quench Heater 
	LHC type 
	

	Ground insulation
	
	


5.  Requirements of the main
 materials and components involved in the cold mass construction.
5.1 Steel lamination

· The material of lamination for the magnet shall be of non-oriented and annealed electrical grade silicon steel sheet. The thickness of lamination shall be 1.0 mm. The magnetic and electrical properties shall be equivalent to or better than of UNI-EU 106 Designation Fe M 600-100 A. 

· The lamination shall be electrical insulated. The standard adhesive, usually involved in the gluing laminations such as EBG Stabolit 70 or equivalent, is suitable to the aim of the electrical insulation. Any choices shall be approved by INFN. 
·  The coercive force through the whole delivery must stay within an interval of ± 5 A/m with respect to a nominal value proposed by the steelmaker. This nominal value must be as low as possible, and in any case lower than 40 A/m.
· The required permeability shall be equal to or better than those defined as follows:

H = 50
A/m,
B ≥ 0.50
T

H = 120
A/m
B ≥ 0.90
T

H = 700
A/m,
B ≥ 1.40
T

H = 8000
A/m,
B ≥ 1.70
T

H = 14000
A/m,
B ≥ 1.80
T

H = 30000
A/m
B ≥ 1.95
T

In principle, the steel supply should be entirely stable with respect to time in both coercivity and permeability. 
The steel sheets in their final condition must be suitable for precision punching and for assembling straight stacks with a large packing factor. The detailed specifications and the acceptance procedures will have to be established by the manufacturer and must be agreed with INFN.
· The average thickness of the steel sheets contained in each delivery pallet must be maintained within an interval of ± 2.5% of the nominal value (as determined by weight). The thickness of each individual steel sheet shall be kept within ± 8% of the nominal value as measured at any point of the sheet.
· The lamination should be produced via two steps stamping process with compound punch and die, according to the experience of the punching firm for achieving the requested tolerances. The stamping process procedure must be submitted to and approved by the manufacturer in concomitance with INFN. The material and thickness of the punching tool shall be commensurate with the quantity of the laminations required. Excessive sharpening, due to inferior material and heat treatment is strictly prohibited. The punch and die holders shall be made of appropriate material of sufficient thickness to prevent the distortion during punching operation. 
· The dimensional variation between the lamination shall be less than 10 m. Burrs on the pole and its vicinity shall be less than 30 m, if de-burring operation is needed, the manufacturer should exercise caution not to fold burrs over and not to destroy the sheet insulation.

· The packing factor, defined as the total weight of the laminations in the stack divided by the weight of an equal volume of solid steel , must be: > 0.96.

5.1 Collars

· The material of collars shall be a high-manganese austenitic stainless steel with high strength. The thickness of lamination shall be about 3.0 mm (variations within 0.2 mm are allowed). The mechanical and physical properties shall be equivalent to ARMCO Nitronic 40 (21-6-9). In particular the guaranteed yield stress at RT shall be higher than 520 MPa and the tensile stress higher than 850 MPa.
· The magnetic permeability shall be 1.002 with maximum variation on the whole production within 0.0005. In case of demonstrated difficult (or impossible) procurement of this material, a different one could be used, to be agreed with INFN and with permeability not higher than 1.02.
· The steel sheets in their final condition must be suitable for precision punching and for assembling straight stacks with a large packing factor. The detailed specifications and the acceptance procedures will have to be established by the manufacturer and must be agreed with INFN.
· The average thickness of the steel sheets contained in each delivery pallet must be maintained within an interval of ± 2.5% of the nominal value (as determined by weight). The thickness of each individual steel sheet shall be kept within ± 8% of the nominal value as measured at any point of the sheet.
· The lamination should be produced through a two steps stamping process with compound punch and die, according to the experience of the punching firm for achieving the requested tolerances. The stamping process procedure must be submitted to and approved by the manufacturer in concomitance with the INFN. 
· The dimensional variation between the lamination shall be less than 10 m. De-burring operation is needed.

5.2 Coil wedges
· The magnetic field quality of the dipole depends on the correct geometrical position of the cables and on their distribution in the coils. In fact, the desired field quality is obtained by spacing the different blocks of cables of the superconducting coil. For this purpose insulated G11-CR wedges are inserted during the winding. The required high quality of the field calls for high precision and tight tolerances of these wedges. 

5.3 End Spacers
· The procurement of the end spacer sets is the responsibility of the Contractor and shall follow an INFN-Contractor agreement. INFN will make available to the Contractor all the programs and files utilised for the end spacer design. 
· Any modification of the end spacers design shall be proposed, discussed and agreed with INFN. 
· All the end spacers shall be produced by machining a glass fibre reinforced epoxy material (G11-CR). All the surfaces defining each end spacer have been computed with dedicated software (ROXIE developed at CERN) by INFN. 

6. Mandatory Tolerances
The tolerances are reported in the attached drawings. Here it is stressed that the tolerances are ranging from ± 20 µm on the dimensions of many coil components to   ± 0.05 mm on the average transverse dimensions of the finished coils and to ± 0.02 mm on critical dimensions of the fine-blanked austenitic steel collars. The overall accuracy of the coil geometry is finally achieved by fixing the position of the coil components by means of tooling of adequate accuracy and stability.
7. Milestones
The following target dates and major milestones are INFN objectives in the design, development activities and construction of the cold mass for the prototype; they shall be considered an integral part of this specification. 

Time (months)
Milestones

T0


Contract award date.

T0+3
End of engineering design of general equipments for the construction of the prototype
T+3
End of engineering design of specific tooling for the construction of the prototype

T+4
End of engineering design of the prototype. Start of material  procurement
T+7
Materials and tooling for winding and curing ready. Winding tests with dummy conductor

T+8
Conductor ready. Start of winding

T+9


End of winding
T+9.5


End of curing
T+10


Materials and tooling for cold mass completion
T+11


End of collaring

T+12 


End of integration in the iron lamination

T+14


End of the integration in the cryogenic vessel.

T+15


Cold mass ready.
8. Acceptance Criteria
8.1 Engineering design of the prototype curved dipole. Subsequently to the delivery, by the Contractor, of the prototype dipole engineering design documentation, INFN will analyse it on the basis of the self coherence and the completeness of the design, which shall be able to provide the proper information for starting the construction of the prototype dipole. After this analysis INFN reserves to give green light to the construction
8.2 Engineering design of general and specific equipments for the construction.  Subsequently to the delivery, by the Contractor, of the engineering design related to general and specific equipments for the construction, INFN reserves to approve the choices done by the Contractor on the basis of the functionality of the proposed tooling to the objectives of the contract.
8.3 Construction of the cold mass. The acceptance of the cold mass is submitted to the fulfilment of the present specifications. In view of the R&D nature of the contract, some negotiations on geometrical tolerances is allowed. No derogations will be allowed with respect to vacuum tightness, electrical insulation. The acceptance tests and detailed acceptance criteria are listed in section 9.
8.4 A complete set of documents at the conclusion of this contract. The general requirement to be fulfilled is that the documentation shall describe in exhaustive way the as-built prototype and the constructing methods 
9. Acceptance tests

A number of tests and inspections are mandatory in the course of the cold mass construction and assembly. It is the aim of these tests at the Contractor’s premises to detect possible defects at earliest possible stage, thus allowing their swift correction. 

These tests include:
9.1) Short circuit detection during winding and curing.  The DC resistance of the total cable length and the electrical insulation of the layer shall be continuously monitored at low voltage so that any short circuit between turns or from a layer to ground can be detected and repaired. The detection system for inter-turn short circuits shall be able to detect a 3 mΩ variation in the DC resistance of the cable. The system proposed by the Bidder shall be approved by INFN. After the curing of a layer, a high-voltage insulation test shall be carried out
9.2) Mechanichal test after curing. After the coil curing, the azimuthal size of the layer and the equivalent modulus of elasticity are measured. These measurements will be the basis for the evaluation of the reproducibility of the coils during the production and for the shim definition in view of the collaring operation. The straight part shall be measured every metre and the measured section must be longer than a cable twist pitch (> 100 mm).The measuring points shall be always at the same position (tolerance ± 20 mm) for all the measured layers. The non-connection side and connection side ends are also measured. The measured section shall start at the beginning of the cable bends and shall cover at least 100 mm. At each measured point, at least three pressure pre-cycles shall be applied before the real measurement cycle is performed. The coil compression must be varied between zero and a maximum value agreed with INFN. The deformations shall be recorded during the loading and unloading of the coil. Continuous monitoring of the coil inductance at the test frequency of 10 kHz is recommended for early detection of faults during the pressure cycles
9.3) Verification of the integrity of the electrical insulation and impedance of various circuits. Three steps are scheduled in the electrical acceptance tests during the manufacture of the collared coils: .A) after curing (polymerisation) of the poles, B). after collaring , and C) after integration of the iron lamination.. While INFN recommends such tests, it is up to the Contractor to decide upon their extent and sequence. All these warm electrical tests shall be carried out with the coil resting on an insulating support. 1) Measurement of DC resistance:− the resistance measurement of the quench heaters shall be  made with a 4-wire ohmmeter.− the resistance measurement of the poles shall be  made with a stabilised test current of 1.00 A with resolution better than ± 0.01 A and reading of the voltage drop by ad digital voltmeter. This measurement shall be made at ambient temperature,(temperature control: 20 ± 0.5 °C).
9.2) Geometrical measurements accurate to within 0.1 mm of horizontal curvature, vertical straightness, position of the support bases
9.3) Examination of welded joints.
9.4) Room temperature pressure and leak tests.  The purpose of these tests is to verify the cold helium leak-tightness of the cold mass. For the leak tests the following acceptance criteria are:1) Cold mass to insulation vacuum≤ 1.10-9 Pa m3s-1; 2) Cold mass to beam vacuum≤ 1.10-11 Pa m3s-1. The pressure test shall be agreed later with INFN.
10. Standard
The following list of standard is not exhaustive; it gives the standards presently referred to in this Technical Specification, for the purpose of the safety test on welded joints. International standards are also referred to in the technical specifications of the components.
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11. General Conditions 
Sub-Contractors

Main sub-Contractors shall be agreed by INFN; they must be stated in the Technical Questionnaire and the Contractor shall not engage other sub-Contractors than those stated in the Technical Questionnaire without prior written approval by INFN, which it may give or withhold at its sole discretion.

Not withstanding any sub-contracting, the Contractors shall remain fully responsible for the proper execution of the Contracts, including but not limited to ensuring that the strand and cable are conform to the present specification.

Contract Management

The Contractor shall nominate, among senior specialists, a Contract Manager (CM) who will act as project leader and be responsible to INFN for all aspects of this contract throughout the contractual period.
The Contractor shall prepare a complete Quality Assurance procedures specifically designed for this contract. A general manual published by some trade organizations or government agencies is not acceptable.

Progresses of the execution of the Contract will be discussed periodically, and at least every month, during meetings between INFN and Contractor’s CM, who must provide updated and detailed reports on the performed activities and schedule for future activities.

Access to the Contractor’s premises

Representatives of INFN shall be entitled during working hours to visit the Contractor's facilities and those of his sub-Contractors, to inspect the manufacturing progress and to monitor any testing. INFN's presence at these facilities does not release the Contractor of any of his responsibilities under the Contract.

Responsibility

The Contractor shall be solely responsible and liable for all layouts, drawings, designs, specifications, reports, protocols, calculations and other documentation or information produced or prepared by him, whether or not based upon data, information or documentation provided by INFN or by any third party. Where the Contractor seeks or is obliged to seek INFN’s approval or agreement, the giving or confirming of the same by INFN shall not in any way derogate from the Contractor’s duties, obligations or liabilities under the Contract, nor diminish any liability on his part in respect thereof.
APPENDIX A 
Reference drawings of the cold mass. The Engineering drawings shall be developed according to the drawings of this appendix. 
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