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1. Introduction:

Project X is a high intensity proton facility conceived to support a world-leading program in neutrino and rare-processes physics at Fermilab. A description of the physics program envisioned is available on the web. [1] 

Project X is an integral part of the Fermilab Roadmap as described in the Fermilab Steering Group Report of August 2007 [2] and of the Intensity Frontier program outlined in the HEPAP P5 report of May 2008 [3].  

The P5 report identifies three physics goals for a new high intensity proton source at Fermilab which define the Project X mission need:

· "A neutrino beam for long baseline neutrino oscillation experiments..."

· "Kaon-and muon-based precision experiments..."

· "A path toward a muon source for a possible future neutrino factory, and, potentially, a muon collider at the Energy Frontier..."

To achieve these physics goals P5 recommended proceeding now with an R&D program for a multi-megawatt proton source at Fermilab.

[bookmark: _GoBack]Project X can also serve the nuclear and particle physics communities in a variety of fundamental physics research initiatives using neutrons and nuclei, and can provide a test bed for nuclear energy applications research including materials development and testing. In the longer term Project X could support accelerator and target studies related to Accelerator Driven Subcritical (ADS) reactors or Accelerator Transmutation of Waste (ATW) both of which may be important for the nation’s and the world’s energy future.  






2. Mission Statement:

Project X, a high-power proton facility, will support world-leading programs in long base line neutrino physics, the physics of rare processes, and particle physics with nuclei and nucleons.  .  It will be unique among accelerator facilities worldwide in its flexibility to support multiple physics programs simultaneously with MW class beams at the intensity frontier. 

3. Project Goals:

· The physics reach of long base line neutrino experiments to date have been limited by statistics. Neutrino cross sections and the processes to be studied drive the long base line experiments towards 100 kilo-ton class detectors deep underground even when MW class proton beams are employed to generate the neutrino beams. Increases in proton beam power translate directly into increased physics reach for a given experiment. This motivates the need for the high initial beam power from Project X for long base line neutrino experiments as well as provisions for future beam power upgrades. The ability to deliver high beam powers over a range of energies from the Main Injector (60-120 GeV) provides an additional tool to understand the physics processes measured in long base line neutrino experiments.

· Rare process experiments provide a unique tool to search for physics beyond the standard model; to elucidate the nature of possible discoveries made at LHC; and to explore energy scales beyond those achievable with current accelerators including the LHC. Rare process experiments require high proton power of sufficient incident energy to produce intense beams of secondary particles. Because the phenomenon being explored are very rare, the beam must be delivered with high duty factors and the experiments require long exposure times. Experimental and machine induced backgrounds can be significantly suppressed increasing sensitivity of the experiments by optimizing the timing and bunch structure of the delivered beams for each experiment. Efficient use of the associated accelerator complex requires that multiple experiments be run in parallel. Kaon production yield curves establish the minimum beam energy to be ~ 3 GeV.  The rare process program then requires an intense proton beam of at least 3 GeV with high duty factor and flexible/programmable bunch structure and capable of servicing multiple experiments in parallel. Nuclear Physics experiments closely aligned to particle physics (e.g. Electric Dipole Moment, EDM searches) can be dramatically enhanced with MW beam power and timing flexibility at any energy between 1 and 3 GeV. 

· High energy physics advisory panels world-wide have concluded that further studies of neutrino physics require even more intense neutrino sources than can be provided by current long baseline techniques and an international collaboration is exploring the feasibility of a Neutrino Factory. These same advisory panels also conclude that if LHC results point to the need for a lepton collider of higher energy than practical with ILC technology then alternative accelerator technologies including the Muon Collider should be investigated. An international collaboration is currently exploring the feasibility of such a machine. A Neutrino Factory and a Muon Collider both will require a very intense source of protons (≥ 4 MW at ~ 8 GeV). The Muon Collider will require that this beam power be delivered in short very intense pulses.  Project X will be designed to establish a technology path towards a proton driver for such future facilities.


· Understanding materials properties under high neutron fluences is critical to evaluating long term prospects of existing U.S. nuclear reactors and in designing next generation facilities. Project X will offer unique opportunities for providing tailored neutron spectra at very high flux to support the required materials science studies. In the longer term Accelerator Driven Systems (ADS) have attracted increased interest world-wide as a possible method of transmuting nuclear waste or producing energy by employing accelerators to provide the additional necessary neutrons for a sustained reaction. These systems can be used to effectively “burn” long lived nuclear waste (including minor actinides) thus solving a key societal problem associated with production of nuclear power. They can also employ fuels that are otherwise not practical fissile fuels (e.g. Thorium). Accelerators for both applications will require MW class CW beams in the 1-2 GeV energy range. Practical accelerators for such systems must be efficient in converting “wall power” to accelerator beam power and must exhibit very high reliability. TheProject X linac can provide the high power/high duty factor beams required to support nuclear and materials engineering studies, and to demonstrate many technologies required for ADS. 

Project X is based on a 3 GeV continuous-wave superconducting H- linac capable of delivering beams to experimental programs at both 1 and 3 GeV. Further acceleration to 8 GeV, and injection into Fermilab's existing Recycler/Main Injector complex, will support long-baseline neutrino experiments. Project X will provide ~1 MW of beam power to the 1 GeV program, 3 MW of total beam power to the 3 GeV program, simultaneously with ≥ 2 MW to a neutrino production target at 60-120 GeV. 


4. Key Assumptions, Interfaces and Constraints: 

· Project X will be constructed on the Fermilab site and will utilize the upgraded Main Injector and Recycler Ring (RR) for the generation of a long baseline neutrino beam.
· Project X will be constructed in stages. Each stage must provide compelling scientific opportunities.
· The long baseline neutrino program will require greater than or equal to 2 MW proton beam power on a neutrino production target at any energy within the range 60-120 GeV and will eventually require additional beam power upgrades.
· The rare process program requires MW class proton beams, high duty factors, and flexible bunch patterns.  This is best accomplished with a CW linac based on Superconducting RF (SRF) technology.
· The production yield curve of kaons vs. incident proton energy sets the minimum CW linac energy at ~ 3 GeV
· The optimum energy for physics research based on neutrons or nuclei, and materials studies associated with energy applications is ~1 GeV
· The neutrino, 1 GeV, and 3 GeV programs must operate simultaneously.
· The Recycler Ring operates at a fixed energy of 8 GeV; the upgraded Main Injector will be capable of injection energies as low as 6 GeV.
· The NOvA Project will have upgraded the Main Injector to support a 1.2 second cycle time to 120 GeV and will have converted the Recycler to serve as a proton accumulator ring. Additional upgrades to the MI/RR will be needed for 2 MW operations.
· The preferred configuration for acceleration from 3 GeV to the Recycler/Main Injector injection energy is via a pulsed H- linac based on flexibility for future development of the FNAL accelerator complex.
· The 3 GeV CW linac must be capable of accelerating H- ions. 
· Project X construction and commissioning will be a National Project with international participation with Fermilab as the lead laboratory.
· Project X technology choices will exploit the world-wide ILC and Muon Collider R&D activity, provided such choices do not significantly degrade the technical performance, cost, or upgrade potential of Project X.
· Project X represents a large long-term investment for U.S. HEP and as such must be robust, flexible, and designed with significant upgrade potential.

5. Additional goals: 

· The CW linac should have provisions for delivering low duty factor beam at ~200 MeV for proton edm studies.
· The CW and pulsed linacs should have provisions for acceleration of protons.
· The pulsed linac should have provisions for the eventual acceleration of electrons.

6. Facility Scope

The scope of the Project X facility extends from the ion source through the extraction point in the case of the Main Injector, and through the rf beam splitting station in the case of the low energy experimental area.  

Specific scope elements of the Project X facility are expected to include:
· A 3 GeV, superconducting, CW H- linac.
· Beam transport and a splitting stations capable of sending 1 and 3 GeV beam to at least two independent experimental areas at each energy.
· A superconducting pulsed linac for the acceleration of H- from 3 to 8 GeV.
· Beam lines for transport of 8 GeV H- from the pulsed linac to the Recycler Ring.
· Modifications to the Main Injector and Recycler Ring to support acceleration and extraction of high intensity/high power proton beams over the range 60-120 GeV.












4. Functional Requirements

3 GeV Linac

	Requirement
	Description
	Value

	L1
	Delivered Beam Energy, maximum
	3 GeV (kinetic)

	L2
	Delivered Beam Power at 1 GeV
	1 MW

	L3
	Delivered Beam Power at 3 GeV
	3 MW

	L4
	Average Beam Current to 1 GeV program (averaged over >1 sec)
	1 mA

	L5
	Average Beam Current to 3 GeV program
	1 mA

	L6
	Maximum Beam Current (sustained for <1 sec)
	5 mA

	L7
	The 3 GeV linac must be capable of delivering correctly formatted beam to a pulsed linac, for acceleration to 8 GeV

	L8
	Charge delivered to pulsed linac
	26 mA-msec in < 0.75 sec

	L9
	Maximum Bunch Intensity
	1.9 x 10 8

	L10
	Minimum Bunch Spacing
	6.2 nsec (1/162.5 MHz)

	L11
	Bunch Length
	<50 psec (full-width half max) 

	L12
	Bunch Pattern
	Programmable

	L13
	RF Duty Factor
	100% (CW)

	L14
	RF Frequency
	162.5 MHz and harmonics thereof

	L15
	3 GeV Beam Split 
	Three-way

	L16
	Beam Particles 
	H- ions




Recycler Ring/Main Injector

	Requirement
	Description
	Value

	M1
	Delivered Beam Energy, maximum
	120 GeV

	M2
	Delivered Beam Energy, minimum
	60 GeV

	M3
	Beam Power (60-120 GeV)
	>  2 MW

	M4
	Beam Particles
	Protons

	M5
	Beam Intensity
	1.6 x 10 14 protons per pulse

	M6
	Extracted Beam Pulse Length
	~10 sec

	M7
	Bunches per Pulse
	~550

	M8
	Bunch Spacing
	18.8 nsec (1/53.1 MHz)

	M9
	Pulse Repetition Rate (120 GeV)
	1.3 sec

	M10
	Cycle Time (60 GeV)
	0.7  sec

	M11
	Max Momentum Spread at extraction
	2 x 10-3










3-8 GeV Pulsed linac

	Requirement
	Description
	Value

	P1
	Maximum beam Energy                                                                         8 GeV

	P2
	The 3-8 GeV pulsed linac must be capable of delivering correctly formatted beam for injection into the Recycler Ring (or Main Injector). 

	P3
	Charge to fill Main Injector/cycle
	                       26 mA-msec in            
                       <0.7 sec

	P4
	Maximum beam power delivered to 8 GeV 
	                       350 kW

	P5
	Duty Factor (initial)
	                       4.3%




Integration


	Requirement
	Description
	Value

	I1
	The facility layout must support construction in stages, without long interruption for subsequent stage installation

	I2
	The 1 GeV, 3 GeV, and neutrino programs must operate simultaneously

	I3
	Residual Activation from Uncontrolled Beam Loss in areas requiring hands on maintenance.
	<20 mrem/hour (average) 
<100 mrem/hour (peak) @ 1 ft

	I4
	Scheduled Maintenance Weeks/Year
	8

	I5
	3 GeV Linac Operational Reliability
	90%

	I6
	60-120 GeV Operational Reliability
	85%

	I7
	Facility Lifetime
	40 years




Upgradability

	Requirement
	Description
	Value

	U1
	Provisions should be made to support an upgrade of the CW linac to support an average current of 5 mA. 

	U2
	Provisions should be made to support an upgrade of the Main Injector to support a delivered beam power of ~4 MW at 120 GeV.

	U3
	Provisions should be made to deliver low intensity proton beams at ~200 MeV

	U4
	Provision should be made to support an upgrade to the CW linac such that it can accelerate Protons.

	U5
	Provisions should be made to support an upgrade of the pulsed linac to a duty factor of 10%.

	U6
	Provisions should be made to support an upgrade of the CW linac to 3.1 ns bunch spacing.






7. Safety Requirements
The Project must be built to applicable DOE and FNAL engineering, safety, and radiation standards as outlined in the Fermilab Engineering Manual [4] and Fermilab ES&H Manual [5].


8. Reference : 
[1] Project X and the Science of the Intensity Frontier, A white paper based on the Project X Physics Workshop, 9 &10 November 2009, Fermilab
http://projectx.fnal.gov/pdfs/ProjectXwhitepaperJan.v2.pdf 

[2] Report from the 2007 Fermilab Steering Group
http://www.fnal.gov/pub/directorate/steering/index.shtml

[3] HEPAP P5 report, May 2008.  
http://www.er.doe.gov/hep/files/pdfs/P5_Report%2006022008.pdf
      
    
[4] Fermilab Engineering Manual
http://www.fnal.gov/directorate/documents/FNAL_Engineering_Manual_REVISED_070810.pdf

[5] Fermilab ES&H Manual
http://www-esh.fnal.gov/pls/default/esh_home_page.page?this_page=15053
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