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1. Introduction 
According to the DOE directive of July 27, 2012 the US-LARP is entering its final phase of preparation to the LHC luminosity upgrade planned for 2021-2022. The LARP magnet program is being directed to focus on the development and demonstration of 150 mm high-gradient Nb3Sn quadrupoles for the high luminosity LHC interaction regions (IR) by 2016-2017. Taking into account the limited resources and the little time left to finish the R&D, DOE requested that “General Accelerator Development activities and infrastructure relevant to the LHC upgrade at all of the HEP supported laboratories will have to be applied to the above goals”. This document summarizes the capabilities and proposed contributions of FNAL GAD Program to LARP Magnet R&D.

2. FNAL GAD Magnet Program results and capabilities
The mission of the SC Accelerator Magnet Program (High Field Magnet Program) at FNAL sponsored by DOE GAD funds is the development of advanced SC magnets and baseline technologies for present and future particle accelerators. This program secures and expands FNAL’s technical capabilities and leadership role in accelerator based HEP research. This activity has the potential for making a strong impact on the future Energy Frontier HEP programs in the U.S. and worldwide, including luminosity and energy upgrades for the LHC as well as the construction of new machines such as the Muon Collider or new Hadron Collider. During the past 15 years the FNAL High Field Magnet program focused on the development of accelerator magnets with operating fields up to 15 T based on Nb3Sn superconductor. Some important program accomplishments on Nb3Sn magnet R&D are listed below: 
a) Development, fabrication and test of first series of accelerator quality Nb3Sn dipole magnets based on a collar-free structure and with operation fields of 10 T (1998-2007). This was the first demonstration of Nb3Sn accelerator magnet technology and reproducibility of quench performance and field quality.
b) Development, fabrication and testing a series of 90-mm quadrupole models with collar-based structure and operation gradients up to 200 T/m (2005-2011). This is the world’s first demonstration of the traditional collar structure with brittle coils in high-field accelerator magnets.
c) Development of Coil Test Structures (or Mirrors) for short and long shell-type dipole and quadrupole coils. This approach provides significant reduction of cost and turn-around time, and allows for advanced instrumentation also in the magnet R&D phase. It has recently been adopted by the US-LARP for HQ coil design and technology optimizations and for the HQ coil scale-up demonstration. 
d) World’s first demonstration of Nb3Sn coil technology scale up using 4 m long dipole and quadrupole coils (2007-2011).
e) Development and demonstration of effective passive correction schemes based on iron strips to compensate for large magnetization of Nb3Sn strands and cables.
f) Development and demonstration of an 11 T Nb3Sn dipole compatible with the LHC lattice and main systems for cold collimators in DS sections (DS Dipole) in collaboration with CERN. These studies provided the technical base for a proposed FNAL-CERN Collaboration on the development of the first double-aperture Nb3Sn accelerator dipole for use at the LHC.
g) Since 2000, development, manufacturing and test of Rutherford-type cables for a number of Nb3Sn and Nb3Al small racetracks, cos-theta dipoles, short and long dipole mirrors, and quadrupole mirrors. Predicting magnets short sample limits based on witness samples results. Developing and producing cutting edge 40-strand cables for the demonstrator magnets of the CERN-FNAL collaboration. Development of a successful cored cable technology, which is preferred for the suppression of eddy currents.
h) Development (with OI-ST) and demonstration of 0.7-1.0 mm RRP-127 and RRP-169 Nb3Sn strands for stable magnet operation at 1.9-4.5 K, multi-strand Rutherford cable with stainless steel core, cable insulation based on E-glass and S2-glass tapes, radiation-hard impregnation material MATRIMID 5292 as a epoxy replacement; study of effects of coil structural materials, processing, and high pre-stress on quench performance of Nb3Sn coils. 
FNAL has built a unique infrastructure for successful magnet R&D including a) world-class SC R&D laboratory for SC strand and cable characterization in magnetic fields up to 17 T and temperature range from superfluid helium to liquid nitrogen: b) a compact 42 strand cabling machine; c) short and long coil winding, curing, reaction and vacuum impregnation tooling and equipment for coil fabrication and magnet assembly; d) Magnet Test Facility with 4-m long vertical Dewar and up to 15-m long horizontal cryostat to test magnet models and prototypes in superfluid at 1.9 K and normal helium up to 4. 5 K, power supplies up to 30 kA and 400 channels of instrumentation. 
Skillful personnel including magnet scientists, engineers and technicians, and magnet fabrication and test infrastructure form a solid base to provide valuable contributions to LARP Magnet R&D.

3. Proposed FNAL GAD contributions
The contributions proposed below are consistent with the LARP Magnet program needs and milestones formulated in the 12/10/2012 document titled “Proposed GAD contributions in support of the LHC IR Quadrupole development” by G. Ambrosio, A. Ghosh, T. Markiewicz, E. Prebys, G. Sabbi. They are grouped in 5 tasks; each task defines scope, platform, outcome, and task leader. All the tasks are planned to be performed during FY2013-2015. Where appropriate, the possible benefits for GAD are also indicated.

3.1 Conductor development
Proposed scope of work:
a) Studies and qualification of RRP-217 strands for use in LARP quadrupoles:
a. Round strand study: Ic(B,T,e), n, Is, RRR, heat treatment study, M(B,T)
b. Rolled strand study: effect of deformation on Ic, Is and RRR, strain sensitivity
c. Extracted strand study using sub-sized cables: effect of cable packing factor, SS core, HT
d. Materials: Round strand provided by CDP/LARP
e. Labor and test facility: FNAL
b) Develop and optimize cored cable technology: 
a. Technology: single-pass, double-pass with and w/o intermediate anneal
b. Characterization: effect of core width and cable packing factor on Ic(B,T), n, RRR, cable tests up to 14 T
Platform: strands with the diameter of 0.85-1.2 mm, 10-mm wide and 15-mm wide cables.
Outcome: reports, consultation to LARP.
GAD benefits: potential strand and cable designs and technologies for MC SR and IR magnets, next generation hadron collider.
FNAL Task Leader: Emanuela Barzi.

3.2 Nb3Sn coil technology development
Proposed scope of work:
a) Cable insulation
a. Technology: cable wrapping with tape, with and w/o overlap
b. Materials: S2-glass, ceramic
c. Characterization: “ten-stack” test, effect of tape insulation, overlap and curing pressure on insulation thickness, electrical, thermal and mechanical properties
b) Basic Nb3Sn coil technology
a. Coil winding/curing process: wedge insulation, coil size control using curing shims
b. Coil reaction: coil expansion during reaction, azimuthal and longitudinal gaps, coil length effect 
c. Coil impregnation: coil size control using shims
d. Characterization: coil test using mirror configurations
c) Nb3Sn coil technology with radiation hard material
a. Material: MATRIMID
b. Technology development and coil impregnation with MATRIMID: effect of coil cross-section, insulation and coil length up to 5.5 m
c. Characterization: cross-section optical analysis, coil test in mirror configurations, magnet test
Platform: 15-mm wide 40-strand cable or 27-strand 10-mm wide cable (TQ), “ten-stack” samples, 60-mm ID 2-layer 6-block dipole coil (11 T project), TQ or small racetrack coils. 
Outcome: reports, consultation to LARP.
GAD benefits: potential cable insulation material and technology, basic Nb3Sn coil technology, potential radiation-hard material and technology for MC SR and IR magnets, next generation hadron collider.
FNAL Task Leader(s): Rodger Bossert/Fred Nobrega.

3.3 Nb3Sn coil performance study and optimization
Proposed scope of work:
a) Quench performance
a. Quench performance studies including training, ramp rate sensitivity, performance reproducibility, effect of coil pre-load, cable and insulation design
b. Instrumentation: quench antenna
b) Quench protection
a. Protection heater studies including test and simulation, effect of heater power/energy, time delay, heater insulation
b. Quench propagation measurement and simulations of longitudinal and radial quench propagation in coils
c. Quench voltage and temperature measurement and simulations, effect of cable RRR and Cu fraction
c) Field quality
a. Geometrical field harmonics and their correction
b. Persistent current and eddy current effects and their compensation
c. Dynamic effects in Nb3Sn accelerator magnets
Platform: 60-mm ID 6-block dipole coils and dipole models (11 T project), TQ or small racetrack coils. 
Outcome: reports, consultation to LARP.
GAD benefits: key information on Nb3Sn performance limitations, key simulation tools and experimental techniques to protect Nb3Sn accelerator magnets for MC SR and IR magnets, next generation hadron collider.
FNAL Task Leader(s): Guram Chlachidze/Joe DiMarco.

3.4 Contribution to LARP studies based on LQ/HQ-HQM/LHQ platforms
a) FNAL will provide magnet assembly facility and staff (IB3)
a. Labor and M&S cost for magnet assembly will be paid by LARP.
b) FNAL will provide magnet test facility and staff (VMTF), 
a. Labor and M&S cost for magnet test will be paid by LARP.
c) Data analysis
Outcome: reports, presentations/consultations to LARP.
GAD benefits: data base for MC SR and IR magnets, next generation hadron collider.
FNAL Task Leaders: MSD/TID

3.5 Infrastructure upgrades
a) Upgrade of 7 m long winding machine (SELVA winder)
b) Installation of second 7 m long press for long coil curing
c) VMTF upgrade to test magnets with operating currents up to 30 kA in superfluid helium
d) Horizontal test facility to test Nb3Sn dipoles and quadrupoles  with currents up to 20 kA at 1.9 K
GAD benefits: basic magnet fabrication and test infrastructure upgrades critical for successful magnet R&D and production for MC SR and IR magnets, next generation hadron collider.
FNAL Task Leaders: MSD/TID
