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Introduction
CERN is planning to upgrade high-luminosity LHC IRs in two phases. In Phase I the baseline 70-mm NbTi low-beta quadrupoles will nominally be replaced with larger aperture NbTi magnets, and in Phase II with higher performance Nb3Sn magnets. The Nb3Sn magnets provide higher magnetic field and larger temperature margin than traditional NbTi magnets used in Tevatron, HERA, RHIC and LHC. These features make this technology very interesting for application in the planned LHC luminosity upgrade.

During the past 10 years Fermilab has been working on the development of Nb3Sn accelerator magnets. This work is being supported by a combination of the US-LARP and the Fermilab HFM core program.  Recently, after finishing LHC commissioning, CERN has started its own HFM program with the goal of developing NbTi and Nb3Sn magnets for the LHC upgrades. It is clear that establishing a productive Fermilab-CERN collaboration in the development of this new technology is critical for its successful use in the LHC upgrade. This note describes the possible collaborative tasks which could be performed by CERN and Fermilab magnet groups in preparation for the LHC Phase II luminosity upgrade.

Tasks 1. Study and optimization of alternative collaring systems for quadrupole magnets based on brittle Nb3Sn coils.

Task description.  
The traditional quadrupole collaring system uses quadrupole-symmetric laminated collars.  The assembly is positioned vertically in a four-jaw press, then compressed incrementally, in sections 10-15 cm. long, while a separate set of cylinders drives in keys to lock the collars together.   This system was developed for NbTi quadrupoles and successfully used at Fermilab to collar NbTi LBQ for the Tevatron, NbTi MQXB for the LHC IRs and LARP TQC models based on Nb3Sn coils. To avoid large stress/strain variations at the boundary between compressed and non-compressed sections of the brittle Nb3Sn coils, this operation requires the application of multiple passes. In order to limit the maximum difference in azimuthal stress between adjacent sections to ~10-15 MPa, 6-8 passes are usually required. The duration of the collaring procedure for this approach is proportional to the coil length and usually takes about 1 week for 1 m long coils. 

An alternative way of collaring is based on a dipole-style collar and utilizes a horizontal press, similar to the way NbTi dipoles are traditionally collared. This approach has also been successfully used for NbTi quadrupoles. Using this approach, quadrupole coils are compressed simultaneously along their entire length, eliminating local stress gradients. This approach reduces the risk of Nb3Sn coil damage resulting from incremental coil compression. It also significantly reduces the collaring process time as well as making it independent of length. The TQ collared coil with quadrupole-style (left) and dipole-style (right) round collar is shown in Figure 1.
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Fugure 1. TQ collared coil with quadrupole-style (left) and dipole-style (right) round collar.

Fermilab has developed a new dipole-style collar for TQC model. The collar procurement is in progress with the delivery expected in January 2009.

The goal of this task is to study and compare two collaring techniques for Nb3Sn quadrupoles. In the case of success this collaring technique will be used in LARP 4-m long LQC model scheduled for the fall of 2009. This approach could be also used in 120-mm IR quadrupole models based on Nb3Sn coil and mechanical structure of NbTi quadrupoles being developed at CERN for the LHC Phase 1 upgrade.

Proposed work plan and schedule. 
The new collar and collaring procedure will be first tested using TQC02c with RRP-54/61 coils presently used in the TQS02 model. Coil collaring, magnet assembly and test will be performed at Fermilab in February-April with participation of the CERN staff.

The second model based on this approach will be TQC03E, using four new RRP-108/127 coils, which will be tested first in TQS03 in March at CERN. After disassembly of TQS03, these coils could be collared with a dipole style collar and assembled into the TQC structure.  This could be done either at Fermilab (with participation of CERN personnel) in April-May and tested at CERN in June, or collared, assembled and tested at CERN with participation of Fermilab personnel. In the second case Fermilab will provide the structural components, including collars packs, iron yoke, bolted skin, end plates and splice box as well as the magnet assembly procedures (traveler).

Tasks 2. Optimization of Nb3Sn quadrupole coil technology and coil performance studies.

Task description. 
Analysis of TQC and TQS model test results show that the coil design, structural materials, and fabrication procedures are critical to their performance. One method of studying and optimizing Nb3Sn quadrupole coils is to test coils in a mirror configuration. This approach allows individual coils to be tested at field, current and force levels similar to that of full quadrupole models, thereby reducing the turnaround time of coil fabrication and evaluation, as well as material and labor costs.  Mirrors can also be instrumental in the demonstration of technology scale-up. This approach was successfully used in the Fermilab HFM core program to study electromagnetic instabilities and technology scale-up in Nb3Sn dipoles.

Fermilab has developed and procured parts for a quadrupole mirror based on the TQC structure to optimize and test individual 90-mm aperture Nb3Sn coils. With minor modifications, this design is also suitable for testing coils with inside diameters up to 120 mm, and can be scaled easily for different coil lengths. Quadrupole mirror cross-section with 90-mm TQ (left) and 120-mm HQ (right) coils supported by bolted skin is shown in Figure 2.
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Fugure 2. Quadrupole mirror cross-section with 90-mm TQ (left) and 120-mm HQ (right) coils supported by bolted skin.

The goal of this task is to test the quadrupole mirror design and use it for 90-mm and 120-mm Nb3Sn coil optimization.

Proposed work plan and schedule. 
The first test of a quadrupole mirror with standard RRP-54/61 coil previously tested in TQC02 models is planned in December 2008. Mirror assembly and test will be done at Fermilab with the participation of CERN staff.

The first step in the Nb3Sn coil optimization and test program includes fabrication and test of TQ coil with RRP-108/127 strand and pole insulation with mica (February 2009). The next steps could include 90-mm coils based on the new RRP-132/169 strand, PIT strand, cored cable, optimized cable insulation, modified coil cross-section, 4-m long LQ coil test, 6-m long coil test, etc. 

The cable and coil fabrication will be done at Fermilab, while mirror assembly and test could be performed either at Fermilab or CERN. CERN could supply coil structural materials (superconductor, insulation, heaters, instrumentation) and participate in coil fabrication and test at Fermilab. Fermilab will provide a mirror structure for coil tests at CERN and participate in the mirror assembly and test. 

Task 3. Development and test of 120-mm quadrupole models based on Nb3Sn coils and mechanical structure of NbTi quadrupoles for Phase 1 upgrade.

Task description.  
CERN is developing new large aperture NbTi IR quadrupoles for the Phase I upgrade based on the available LHC cables, stand-alone stainless steel collars, iron yoke and stainless steel skin. Replacing the NbTi coils in the Phase I IRQ with Nb3Sn coils in the same mechanical structure will allow a direct comparison of NbTi and Nb3Sn IRQ in the most efficient way. The advantages of this approach include:

· Fabrication and test of Nb3Sn IRQ with ALL accelerator magnet features compatible with the LHC Phase I upgrade requirements and technical systems.

· Fabrication and test Phase I IRQ model with Nb3Sn coil models in parallel with Phase I NbTi models.

· Compatibility of this approach with length scale-up. 

· Possibility of using the developed model(s) for operation limit (current and thermal cycling, multiple quenching, etc.) study at CERN.

· Possibility of installation and operation of a limited number of these magnets in the upgraded LHC IRs before the Phase II upgrade if a successful demonstration has been made with short and long models.

· Tight collaboration between Fermilab and CERN magnet groups a) using CERN tooling, magnet parts, magnet fabrication and test infrastructure; b) sharing the obtained results and experiences and thus preparing CERN to adopt the Nb3Sn accelerator magnet technology for the Phase II upgrade. 

Technical feasibility of this proposal has been demonstrated at Fermilab with LARP TQC models based on the modified MQXB mechanical structure and 90-mm Nb3Sn coils. Two TQC models (TQC01b and TQC02E) assembled with Nb3Sn coils previously tested in the TQS structure reached the same fraction of conductor limit without any additional degradation due to coil collaring and yoking. Coils tested in TQC02E were un-collared and tested again in TQS02b and TQS02c without degradation of magnet performance.

Proposed work plan and schedule. 
Fermilab and CERN will develop 120-mm Nb3Sn coil design compatible with the NbTi quadrupole mechanical structure and operating parameters based on RRP and/or PIT strand (January-April 2009). 

Fermilab and CERN will develop and procure tooling for coil reaction and impregnation (April-August 2009).  

Fermilab will provide insulated cable, coil parts and ceramic binder for coil curing (May-August 2009).

CERN will fabricate and cure practice coil (to be tested in mirror configuration) and four coils for a short model using tooling and equipment developed for NbTi coils (August-October 2009). Fermilab will provide winding/curing procedures (traveler) and participate in the process.

Fermilab will react and impregnate the first coils with CERN participation (September-December, 2009).

Practice coil could be assembled and tested in quadrupole mirror configuration at CERN or Fermilab (December 2009).

Four 120-mm Nb3Sn quadrupole coils will be collared at CERN using round collar (using the results of Task 1) and tooling for NbTi quadrupole collaring (January-February 2010).

The first 120-mm quadrupole model will be assembled and tested at CERN with Fermilab staff participation (March-April 2010).

Task 4. Coil Measurements

CERN and Fermilab can collaborate in developing of measuring techniques and taking measurements of Nb3Sn coils to understand coil size and modulus of elasticity.

Devices and methods used for this purpose are already in place at both labs.  Measurements that have already been taken can be compared, and devices can be “cross calibrated” using the same coils.   This collaboration can establish the most suitable measuring techniques for Nb3Sn coils as well as build a volume of data needed to understand and perfect fabrication processes.   
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