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Technical Specification for 
the fabrication of a prototype superconducting module for 
[bookmark: _GoBack]the Transport Solenoid of the Mu2e experiment

(written by P.Fabbricatore) 

1. Introduction

In the framework of the Mu2e experiment at Fermilab, different superconducting solenoids are required. In particular the Transport Solenoid is the core of an S-shaped magnetic line for a muon beam. The Transport Solenoid has a modular structure, which allows using the same fabrication technique for different geometries (straight solenoids, and toroids) and provides adequate pre-stress (for withstanding magnetic forces with axial components significantly different from typical detector solenoids). The designers of the superconducting solenoids see the need to perform a prototype development at industrial level mainly aimed at defining the manufacturing methods to be used for all solenoids. Fermilab and INFN are operating in a collaborative framework for developing the design of the superconducting solenoids. In the share of the work, INFN is in charge of the development of a suitable prototype which is the target of the present specification. In particular this specification is aimed at the fabrication of one module of the TS as discussed in the document. 

2. The superconducting solenoids of Mu2e experiment

The Fermilab Mu2e experiment under approval phase at Fermilab seeks to measure the rare process of direct muon to electron conversion in the field of a nucleus. The experiment relies on the production, collection and transport of muons in the right momentum angle to form muonic atoms in an aluminum stopping target. The kinematically-constrained process produces a mono-energetic electron signature which is distinct from background events. A major part of the experiment strategy is to minimize backgrounds as well as to perform precise measurement and selection of the muon momentum. 
A schematic of the Mu2e layout is shown in Fig. 1. Starting from (A), a 25 kW beam of 8 GeV protons interacts with a gold target (B) located in the axis of a longitudinally graded solenoid. The axial gradient acts as mirror for forward-going muons and pions, and focuses in backward direction the particles towards an S-shaped transport solenoid.  The transport field and collimation (C) preferentially selects negatively charged muons with momentum suitable for forming muonic atoms in an aluminum target (D). Outgoing electrons produced from the nuclear reaction are collected in the graded upstream field. Their momentum and energy are measured using a tracker and calorimeter in a known magnetic field (E). The magnetic design naturally falls into three coupled superconducting solenoid systems: the Production Solenoid (PS), the Transport Solenoid (TS) and the Detector Solenoid (DS). 
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Fig. 1. Layout of Mu2e experiment showing the relative location of PS, TS and DS and function: A: 25 kW 8 GeV proton beam; B: Production Target which generates - and background particles; C: Rotating Collimator, D: Aluminum Stopping Target, E: Tracker/Calorimeter for electron momentum identification. TS cryostat in this figure is slightly outdated.

3. The Transport Solenoid

The primary task for the TS is to transport muons to the stopping target while eliminating background particles. As shown in Fig. 1, the TS is divided into 5 magnetic segments: TS1, TS3 and TS5 are straight sections, whereas TS2 and TS4 are curved sections. TS3 is divided into two parts. TS1, TS2 and the upstream side of TS3 compose the TS upstream (TSu). The downstream side of TS3 along with TS4 and TS5 form the TS downstream (TSd). The curved sections TS2 and TS4 disperse the beam vertically by momentum and sign. Collimators located primarily in the straight sections preferentially select low momentum muons. The curvature and field strength of TS4 are designed to undo the dispersion from TS2. A major source of backgrounds is particles that become out of time with respect to the pulse train. Therefore the field in all TS straight sections is required to have a negative axial gradient in order to avoid trapping or slowing down particles. 
The field is generated by a series of 52 solenoid rings grouped into 25 modules. Each module houses two solenoids with the exception of the first and last modules, which house three coils (alternatively the last coil at each end of the TS can be housed in a separate module). All TS solenoid rings operate at the same current. 
The modular structure of the TS cold mass (TSu) can be seen in Fig. 2. A view of TSu in the cryostat is shown in Fig. 3. The basic idea is that an external shell (made of aluminium alloy 5083-O) provides the hoop strength to the superconducting coils hosted inside the shell. A typical shell can be seen in Fig. 4.
 The coils shall be inserted into the shell through a shrink fitting process to ensure an optimal mechanical pre-stress at the interface coil-shell (Fig.5). Part of pre-stress will be generated during the cooldown to 4.2 K.  The shrink-fit process should provide a good fit with additional pre-compression between the coil outer surface and the shell inner surface.   
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Fig.2 TSu cold mass structure with supports (cooling pipes are not shown).
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Fig.3 The TSu cryostat and coil layout.
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Fig.4 Sketch of a typical shell for a two-coil module.
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Fig.5 Coil insertion into the shell (only half shell is shown).



4. Scope of the Supply

This specification aims at fabricating a prototype superconducting module for the Transport Solenoid (in particular a module of TSu) of the Mu2e experiment. 

The supply is composed of the following five deliverables:

1. Engineering design of the prototype. The engineering design documentation shall consist in a set of executive drawings and engineering reports covering the whole module design issues: geometrical and electrical lay-out, winding procedures. The activity shall be performed on the basis of this specification and the attached documents.

2. Engineering design of general equipments for the construction.  In this category winding machine, vacuum impregnation tools, shrink-fitting 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 and polymerization moulds are included.

4. Construction of the cold mass. This includes activities and materials for:
4.1) Cable insulation and winding of two coils with a cable provided by INFN/Fermilab;
4.2) Vacuum impregnation with epoxy resin;
4.3) Curing;
4.4) Precise machining of the external surfaces of the two coils;
4.5) Integration of the coils into the shell, this latter being provided by INFN/Fermilab;
4.6) Preparation, installation and instrumentations of electrical and heat-evacuation exits;
4.7) Insertion of the wedge-rings (provided by Fermilab) at both ends of the module;
4.7) Quality control.

5. A complete set of documents, grouped in an End of Fabrication Dossier (EFD), 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.


5. Conductor Characteristics

In this section a description of the conductor provided by INFN/Fermilab, to be used for the construction, is given with the aim to make clear the operating conditions to be met by the winding. 
The conductor used for the TS is an aluminum stabilized NbTi Rutherford cable. This kind of conductor is typically used for detector systems in particle accelerators and colliders. The strand diameter and Rutherford cable thickness proposed have been used for the conductor of the BELLE detector solenoid at KEK.
The conductor parameters are shown in Table I. Figure 6 shows a sketch of this conductor.  A drawing of the bare conductor is shown in APPENDIX C.
The TSu (and consequently the prototype module) is powered by a dedicated power supply. The operating current is 1730 A. With this conductor and insulation the operating engineering current density is 47 A/mm2.  The peak field on the TSu is 3.4 T. The operating current fraction on the load line at 5.1 K is 56%. The temperature margin at 5.1 K and 3.4 T is 1.87 K.

Table I: TS Conductor Parameters
		Conductor Parameter
	Unit
	Value
	Comment

	Cable critical current  (at 5T, 4.22K)
	A
	5900
	After coextrusion

	NbTi critical current density (at 5T, 4.22K)
	A/mm2
	2400
	After coextrusion

	Cable critical current  (at 3.4T, 4.22K)
	A
	7700
	After coextrusion

	Number of NbTi strands
	
	14
	

	Strand diameter
	mm
	0.67
	

	Strand copper/SC ratio
	
	~1/1
	1)

	Copper RRR
	
	> 150
	

	Filament size
	um
	< 30
	

	Strand twist
	mm
	45
	Typical

	Rutherford cable width
	mm
	4.69
	2)

	Rutherford cable thickness
	mm
	1.15
	2)

	Cable width (bare)
	mm
	9.85
	

	Cable thickness (bare)
	mm
	3.11
	

	Overall Al/Cu/SC ratio
	
	11/1/1
	

	Aluminum RRR
	
	> 800
	After cold work

	Aluminum 0.2% yield strength at 300 K 
	MPa
	30
	

	Aluminum 0.2% yield strength at 4.2 K 
	MPa
	40
	

	Shear strength btw aluminum – strands
	MPa
	> 20
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[bookmark: _Ref274753495]Fig. 6: Sketch of TS insulated conductor with nominal dimensions.

5.1	Unit lengths
The length of cable provided by INFN/Fermilab will be enough to wind two coils. Actually the cable will be provided in two units of 1000 m each, for a total length of 2000 m. 

5.2	Insulation of the conductor
The conductor insulation is designed to provide simultaneously the required electrical insulation level, allow for heat transfer 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. The cables shall be carefully cleaned on-line before wrapping the insulation. The insulation is made of fiberglass tape, wound around the cable with some overlap, resulting in a total thickness of 0.15 mm per cable side. 

6. Lay-out of the prototype module

6.1 General Description

The prototype to be constructed includes the coils 14 and 15 of the TS upstream set. The coils have the following characteristics: 

	
COIL No.
	Inner radius
(mm)
	Outer radius
(mm)
	Length
(mm)
	 Layers

	Turns/layer

	14
	401.2
	474.7
	186.7
	17
	17

	15
	401.2
	478.3
	186.7
	18
	17



The turns are wound on the lower inertia (easy-way bending). Further to the turn insulation an additional layer-to-layer insulation 0.250 mm thick, made of fiberglass tapes or clothes, shall be implemented. Epoxy impregnation is going to complete the insulation.  A drawing of coil 14 is shown in APPENDIX B. 


6.2 Cooling features

The TS coils are indirectly cooled by two-phase helium with forced flow. The helium flows thorugh cooling tubes welded to cooling bridges set on top and bottom of each module. Two independent circuits provide redoundancy. Some heat is extracted from the coil inner surface through a 3.5 mm thick shell made of pure aluminum. The shell is soldered to strips, made of pure aluminum, which take the heat to the cooling pipes. Another cooling path is provided by the structure made of aluminum alloy. 
A simplified cross sectional view of a coil is shown in Fig. 7. The strips run through grooves in the shell flanges and in the wedge-rings. The layout of the cooling pipes and bridges is  under development. The cooling pipes and bridges are part of the shell, and will be added by Fermilab before delivering the shell.   
The cooling bridges will be used also for cooling the coil-coil splices.  Splices to current leads will be done at Fermilab before module cold test.  The Contractor shall pre-shape and fix the module leads to the shell outer surface.
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Fig.7   Sketch of coil cross section showing heat extraction path.


6.3 Coil fabrication and assembly into the shell
The coils are wound on a collapsible mandrel and subsequently shrink fitted into the shell (made of Al 5083-O). Each shell can house two coils, which will be inserted at each side of the shell (Fig. 5). The shell, provided by INFN/Fermilab, will be fabricated by using a milling machine and a CNC lathe. 
The coil inner surface and sides are surrounded by 2 mm thick ground insulation. On the coil outer surface the ground insulation is thicker (up to 8 mm) in order to allow for possible machining after coil fabrication. This machining may be needed for achieving a better roundness and/or the correct coil outer diameter.  The ground insulation on the coil outer surface should be at least 4 mm after machining.  It will be possible to machine the inner surface of the modules (coil contact area) if needed for proper shrink fit. 
A 3.5-mm thick aluminum sheet is set on the coil inner surface, outside of the ground insulation, and is in thermal contact with the cooling pipes through strips of pure aluminum. The aluminium sheet and strips help extracting heat from the coils, and the sheet protects the coils during removal from the collapsible mandrel. 
The main steps of the coil fabrication procedure are: 
•	Sliding material is applied on the outer surface of the collapsible mandrel that will be in contact with the coil.
•	The aluminum sheet is set in place.
•	Ground insulation is set on the aluminium sheet. 
•	For the coil (14) with an odd number of layers, the first lead is set in a groove (actually a cut) in the aluminium sheet and run to the opposite end of the coil.
•	The coil is wound layer after layer. Turns are wound with a small angle (0.25o) in order to allow for automatic winding.
•	Layer jumps are supported by G10 spacers.
•	The layer-to-layer insulation is set in place after each layer.
•	After the last layer is wound, the second lead is secured and the ground insulation is set in place on coil outer surface and sides.
•	The coil is vacuum-pressure impregnated.
•	The coil is removed from the collapsible mandrel.
•	The coil outer surface is measured and compared with nominal values.
•	The coil outer surface may be machined (minimum insulation thickness left shall be 4 mm).
•	The shell inner surface may be machined. 
•	After both coils are ready, the shell is pre-heated (130 o C) in an oven overnight. 
•	A coil is inserted at each side of the shell.
•	A wedge-ring is installed at each side of the module.

6.4 Shrink-fitting

As discussed in the previous section, the operation of integrating the coils into the shells is done through a shrink-fitting operation, which is aimed to give a circumferential pre-compression of the coil up to about 20 MPa, through a tight control of coil and shell dimensions. The final compressive pre-stress is not yet completely defined. Presently the Contractors shall consider pre-stress values in the range 5 MPa to 40 MPa.


7. Mandatory Tolerances

Tight tolerances for coil position and orientation are critical to the experiment, as demonstrated by beam simulations, in order to achieve precise control of the beam travelling between the Production and Detector solenoids via the S-shaped Transport Solenoid. Therefore tight tolerances are required for the bore in each shell since they determine the individual coil orientation. These mandatory tolerances regarding shell fabrication are divided into four parts, namely: circularity tolerance; angularity tolerance; cylindricity and straightness tolerance; surface roughness. All these tolerance are described in APPENDIX A. The tolerances on the shell outer surfaces are more relaxed since these surfaces do not determine the coils orientation. The shell will be actually provided by INFN/Fermilab; however the shell tolerances will have effects on the coil geometrical tolerances, to be taken into consideration by the Contractor.
Additionally, each coil has parallelism and straightness tolerance. The tolerances after the final machining of the cured coil are presented in APPENDIX B. 

8. Milestones

The following target dates and major milestones are INFN/Fermilab 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+2	End of engineering design of general equipments for the construction of the prototype.
T0+2	End of engineering design of specific tooling for the construction of the prototype.
T0+2	End of engineering design of the prototype. Start of material procurement.
T0+4	Conductor ready. Start winding the first coil.
T0+5			End winding first coil and start VPI and curing.
T0+5.5 		End curing the first coil.
T0+6	Start winding the second coil.
T0+7.5			End curing the second coil.
T0+8.5			Coils ready for integration into the shell.
T0+10			Prototype module is ready for shipment.


9. Acceptance Criteria

9.1	Engineering design of the prototype module. Subsequently to the delivery, by the Contractor, of the prototype module engineering design documentation, INFN/Fermilab will analyze 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 module. Construction shall not start before authorization by INFN/Fermilab.

9.2	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/Fermilab reserves the right to approve the choices done by the Contractor on the basis of the functionality of the proposed tooling to the objectives of the contract.

9.3	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 negotiation on geometrical tolerances is allowed. No derogations will be allowed with respect to electrical insulation. The acceptance tests and detailed acceptance criteria are listed in section 10.

9.4	A complete set of documents at the conclusion of this contract organized in an End of Fabrication Dossier. The general requirement to be fulfilled is that the documentation shall describe in exhaustive way the as-built prototype and the constructing methods. 


10. Acceptance tests

A series of tests and inspections are mandatory in the course of the prototype construction and assembly. These tests at the Contractor’s premises aim at detecting possible defects at earliest possible stage, thus allowing their swift correction. 
These tests include:

10.1) Short circuit detection during winding and curing.  The DC resistance of the total cable length, and the electrical insulation to ground shall be continuously monitored at low voltage so that any short circuit between turns or from coil to ground can be detected and repaired. The detection system for inter-turn short circuits shall be able to detect a 2.2 mΩ variation in the DC resistance of the cable. The system proposed by the Contractor shall be approved by INFN.  

10.2)  Verification of the integrity of the electrical insulation and impedance of the two coils. Two steps are scheduled in the electrical acceptance tests during coil manufacturing: A) after impregnation and curing and  B) after integration into the shell. It is up to the Contractor to propose the test plan to be reviewed by INFN/Fermilab. INFN/Fermilab reserves the right to accept or require changes to the proposed plan. Measurement of DC resistance shall be made with a stabilised test current of 0.50 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 with temperature control: 20 ± 0.5 °C. After the curing of a coil, a high-voltage insulation test (at 2 kV) shall be carried out.

10.3) Geometrical measurements. The geometrical dimensions of the final module must be compatible with the dimensions reported in appendix A and B. If not otherwise indicated the dimensional accuracy shall be within 0.1 mm 

11. Final Acceptance 

After the construction of the prototype and if the Contractor has fulfilled all its obligations the prototype shall be suitably packed and made available for delivery to Fermilab (under Fermilab responsibility and expenses). At Fermilab the prototype will be preliminary tested at cryogenic temperature in a time period not later than 8 months following the delivery. After the successful completion of this test, a “Final Acceptance Certificate” for the construction of the prototype will be issued upon the written request of the Contractor.


12. Standards

If not differently specified the electrical standards issued by IEC (International Electro-technical Commission) for high voltage (> 1500 V DC) shall be applied.

13 Quality 
Quality Assurance
The Contractor shall prepare a complete Quality Assurance plan with procedures specifically designed for this contract. A general manual published by some trade organizations or government agencies is not acceptable.
Process and Operator Qualification 
For some specific processes Special Process Qualification (SPC) must be written and followed by the Contractor.
In all cases, the following processes shall have to be carried out by qualified personnel, and the certificates of qualification shall be enclosed in the EFD:
· Conductor-to-conductor electrical joint.  The Contractor shall develop a procedure of electrical joint to be qualified through proper measurements at a temperature of 4.2K in agreement with Fermilab/INFN. This procedure shall be used for coil-to-coil connection and, in case, for repair of conductor after an agreement with Fermilab/INFN.
· Geometric surveys.
· Electric breakdown tests.
Control of Non Conformity Products
In case of non-conformity during production, the INFN/Fermilab must be informed of the problem. Corrective actions must be commonly agreed and taken. 
On request the Contractor must supply INFN a copy of every Non Conformity Report (NCR) as well as an updated copy of the NCR Logbook. In the Logbook the Contractor shall spell out clearly the NCR Title Number and the Status (open or closed).

14 General Conditions 
[bookmark: _Toc114363795][bookmark: _Toc423402995]Sub-Contractors
The company is free to choose suppliers within the budget limits granted in the contract, however the main sub-Contractors must be agreed with INFN;
Notwithstanding any sub-contracting, the Contractors shall remain fully responsible for the proper execution of the Contract.
[bookmark: _Toc114363796]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.
Progresses of the execution of the Contract will be discussed periodically, and at least every month, during meetings between INFN/Fermilab and Contractor’s CM, who must provide updated and detailed reports on the performed activities and schedule for future activities.
[bookmark: _Toc114363797]Access to the Contractor’s premises
Representatives of INFN/Fermilab 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/Fermilab presence at these facilities does not release the Contractor of any of his responsibilities under the Contract.
[bookmark: _Toc114363798]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/Fermilab’s approval or agreement, the giving or confirming of the same by INFN/Fermilab 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.
In case of damage or failure of a coil during any step of coil fabrication or integration, Fermilab may provide a spare unit length of conductor for making a new coil. The Contractor shall cover all costs for repair and/or making a new coil if the damage or failure is due to an error or negligence by the Contractor. 

APPENDIX A 
 (
Basic drawing of the 2-coil module prot
ot
ype structure
 (shell)
)
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 (
Typical circularity tolerance for areas of interest = +/- 0.127mm
)
 (
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 (
Critical circular dimensions with the higher tolerances are the 2 inner bores housing the 2 coils in the structure
Circularity tolerances can be more relaxed on the structure’s outer diameters
Dimensions with suffix REF are for reference only
All dimensions are in mm
)




 (
Typical Angularity tolerance for areas of interest = +/- 0.2° (~3.5mrad)
)
 (
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 (
Critical angular dimensions with the higher tolerances are the 2 inner bores housing the 2 coils in the structure
Angularity tolerance for the 2 inner bores housing the coils remains the same circumferentially
Angularity tolerances can be more relaxed on the structure other inner diameters and all outer diameters
All angular dimensions are in degrees
All dimensions are in mm
)


 (
Typical 
cylindricity
 and straightness tolerance for areas of interest = +/- 0.127mm
)
 (
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 (
Critical cylindrical and straightness dimensions with the higher tolerances are the 2 inner bores housing the 2 coils in the structure
Circularity tolerances can be more relaxed on the structure outer diameters
All dimensions are in mm
)








 (
Typical surface roughness tolerance for areas of interest = 100RA (Roughness Average)
)
 (
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 (
Typical surface roughness with the higher tolerances is the 2 inner bores housing the 2 coils in the structure. Surface finishes are Inner bore RA = 1.5 microns and outer bore = 3 microns
All dimensions in section drawing are in mm
)

 (
Typical tolerance of 
a 
wedge-ring
)

[image: ]



APPENDIX B 
Coil reference drawings. The Engineering drawings shall be developed according to the drawings in this appendix. 
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 (
Coil 14 
cross-section
 where there are the layer jumps. Coil 15 has one more layer of cables and no cut-out in the 
aluminium
 sheet for the inner lead
)


 (
Typical coil parallelism tolerance after curing and final machining = 1mm
Typical coil diametric straightness tolerance after curing and final machining = 0.5mm
All other coil tolerances are controlled by the structure’s tolerances
All dimensions are in mm
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 (
Typical parallelism and straightness tolerance for 
TS 
coil
s
)



APPENDIX C
TS cable dimensions and tolerances.
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