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The Project-X Research Program 
• Neutrino  experiments  
A high-power proton source with proton energies between 1 and 120 GeV would produce intense neutrino 
sources and beams illuminating near detectors on the Fermilab site and massive detectors at distant 
underground laboratories. 

 
• Kaon, muon, nuclei & nucleon precision experiments 
These could include world leading experiments searching for lepton flavor violation in muons, atomic, muon, 
nuclear and nucleon electron dipole moments (edms), precision measurement of neutron properties         
(e.g.  n,nbar oscillations) and world-leading precision measurements of ultra-rare kaon decays.   
  
 

• Platform for evolution to a Neutrino Factory and Muon Collider 
Neutrino Factory and Muon-Collider concepts depend critically on developing high intensity proton source 
technologies.    
 
• Material Science and Nuclear Energy Applications     
Accelerator, spallation, target and transmutation technology demonstrations which could investigate and 
develop accelerator technologies important to the design of future nuclear waste transmutation systems and 
future thorium fuel-cycle power systems.  Possible applications of  muon Spin Resonance techniques 
(muSR). as a sensitive probes of the magnetic structure of materials . 
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Detailed discussion on Project X website 

http://projectx.fnal.gov/


The Project-X Research Program…Redux 

• New Forces  
       Lepton Flavor Violation (e.g. µe) 
       Baryon Number Violation (nn oscillations) 
       Non-standard flavor changing neutral currents 
 
 

• New properties of matter 
       CP violation in neutrinos, charged leptons, quarks  
 
 

• New dimensions 
       e.g. super-symmetric amplitudes via EDMs 
       Warped dimensions via kaon decays 
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In the absence of new facilities enabling new 
experiments… 

 

From Hitoshi Murayama , ICFA October 2011 
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Intensity Frontier Killer App?  Not a single experiment!    
The science requires multiple probes. 

 

Rare 
processes 

EDMs 

Apologies to Jurassic Park and  Hitoshi Murayama, ICFA October 2011 

neutrinos   
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What sub-detector in CMS or ATLAS is the Killer App?   
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Courtesy Tulika Bose, Fermilab Users Meeting Y. Grossman, Z. Ligeti, Project X Physics Study (PXPS) 

Indirect Pursuit of BSM from  
the Intensity Frontier… 
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Courtesy Tulika Bose, Fermilab Users Meeting Y. Grossman, Z. Ligeti, Project X Physics Study (PXPS) 

Indirect Pursuit of BSM from  
the Intensity Frontier… 

DeGouvea 

µe 

R. Tschirhart,  University of Washington May 20th 2013 



Physics Beyond the  
Standard Model has  
been discovered…. 
 
What does it mean? 
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Snowmass neutrino working group meeting, SLAC, March 6th-7th   
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Project X era CP violation  
research opportunities 

Neutrinos:  > x3 increase in   
LBNE neutrino statistics.   

 
  
Electric Dipole Moments: 
 
• Proton-EDM, x106 reach,             

new capability  
• Muon-EDM, x104 reach,         

new capability   
• Neutron EDM, x102-103 reach  
• Atomic EDMs.  x103-104 reach, 

goal of matching Hg! 
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LBNE 
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LBNE 

CP violation 
in quarks  

R. Tschirhart,  University of Washington May 20th 2013 

Project-X Stage-1 capability, fnal.projectx.gov  



The Scale of Neutrino Mixing 
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NOvA Detector Facility at Ash River Minnesota… 
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NOvA Detector Facility at Ash River Minnesota… NOvA Facility in Soldier Field 
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Next Generation Technologies for Neutrino 
Detectors…Liquid argon on a massive scale… 
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Courtesy Klaus Kirch  
CIPANP 2012 

EDM Research Worldwide… 
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Studies of pear-shaped nuclei using accelerated 
radioactive beams 

 
L. P. Gaffney, P. A. Butler, M. Scheck, A. B. Hayes, F. Wenander, M. Albers, B. Bastin,  

C. Bauer, A. Blazhev, S. Bönig,N. Bree, J. Cederkäll, T. Chupp, D. Cline, T. E. Cocolios, 
T. Davinson, H. De Witte,J. Diriken,T. Grahn,A. Herzan,M. Huyse,D. G. Jenkins,            

D.T. Joss,N. Kesteloot,J. Konk 
 
 

Nature 497,199–204(09 May 2013)  doi:10.1038/nature12073 

Research performed at the Isolde facility at CERN 
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Beam Power is the Gateway to the Intensity Frontier… 
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Courtesy M. Seidel, PSI 

Project X60-120 GeV  
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Project X SRF Linac Technology Map 

 
 

Section Freq Energy (MeV) Cav/mag/CM Type 

HWR (βG=0.1) 162.5 2.1-10 9/6/1 HWR, solenoid 

SSR1 (βG=0.22)  325 10-42 16/18/ 2 SSR, solenoid 

SSR2 (βG=0.47)  325 42-160 36/20/4 SSR, solenoid 

LB 650   (βG=0.61)  650 160-460 42 /14/7 5-cell elliptical, doublet 

HB 650   (βG=0.9)  650 460-3000 152/19/19 5-cell elliptical, doublet 

ILC  1.3 (βG=1.0)  1300 3000-8000 224 /28 /28 9-cell elliptical, quad 

 
 

β=0.11 β=0.22 β=0.4 β=0.61 β=0.9 

325 MHz 
10-160 MeV 

β=1.0 

1.3 GHz 
3-8 GeV 

650 MHz 
0.16-3 GeV 

CW Pulsed 

162.5 MHz 
2.1-10 MeV 

R. Tschirhart,  University of Washington May 20th 2013 



 

Courtesy of Yuriy  Pischalnikov 
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                 Energy-Stored 
          Energy-Lost-per-Cycle  

Q = 2π x  

Courtesy of Yuriy  Pischalnikov 
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Courtesy of Yuriy  Pischalnikov 
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Evolution from the Energy Frontier to the 
Intensity Frontier at Fermilab… 
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Evolution from the Energy Frontier to the 
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Multiple Pulse Trains can Superimpose within Linac  

1 µsec period at 3 GeV 
 Muon pulses (12e7) 162.5 MHz, 80 nsec  700 kW 
 Kaon pulses (12e7) 27 MHz   1540 kW 
 Nuclear pulses (12e7) 13.5 MHz   770 kW 

Separation scheme 

Ion source and RFQ operate at 4.4 mA; 77% of bunches are  
chopped @ 2.1 MeV ⇒ maintain 1 mA over 1 µsec 

Transverse rf splitter 
 1 µsec 
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Stage-1 Beam timing 

R. Tschirhart,  University of Washington May 20th 2013 48 

Spallation Campus 

Muon Campus  

CW Operations 

Campus Super-Cycle: 
 
Every 1200 msec the 
linac drives the Booster 
and Main Injector  
exclusively for 60 msec 
corresponding to a 5% 
dedicated duty factor to 
drive the higher energy 
complex.  The 95% 
balance of the timeline is 
CW operations.   



Now:  Project X Integration Experiment (PXIE) 

PXIE will address the address/measure the following: 
 Ion source lifetime 
 LEBT pre-chopping  
 Vacuum management in the LEBT/RFQ region 
 Validation of chopper performance 
 Kicker extinction 
 Effectiveness of MEBT beam absorber 
 MEBT vacuum management 
 Operation of HWR in close proximity to 10 kW absorber 
 Operation of SSR with beam 
 Emittance preservation and beam halo formation through the front end 

 

RFQ MEBT HWR SSR1 Dump LEBT 

       LBNL       FNAL,SLAC           ANL          FNAL  
32 m, 30 MeV 
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Example Research Program, definitive space of 
accelerator parameters on Project X website 

*  Operating point in range depends on MI energy for neutrinos. 
** Operating point in range depends on MI injector slow-spill duty factor (df) for kaon program.  

                          Project X Campaign 
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Program: 

 
 
 
Onset of  NOvA 
operations in 2013 

Stage-1: 
1 GeV CW Linac 
driving Booster & 
Muon, n/edm programs 

Stage-2:   
Upgrade to 3 
GeV CW Linac 

Stage-3:   
Project X RDR 
 

Stage-4:  
Beyond RDR:  
8 GeV power 
upgrade to 4MW 

MI neutrinos 470-700 kW** 
 

515-1200 kW** 
 

1200 kW 2450 kW 2450-4000 kW 

8 GeV Neutrinos 15 kW  +0-50kW** 0-42 kW* + 0-90 kW** 0-84 kW*  0-172 kW*  3000   kW  

8 GeV Muon program  
e.g, (g-2),  Mu2e-1 

20 kW  0-20 kW*  0-20 kW*  0-172 kW*  1000   kW  

1-3 GeV Muon 
program, e.g. Mu2e-2 

 ----- 80 kW 1000 kW 1000 kW 1000   kW 

Kaon Program 0-30 kW**  
(<30% df from MI) 

0-75  kW** 
(<45% df from MI) 

1100 kW 1870 kW 1870   kW  
 

Nuclear edm ISOL 
program 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

Ultra-cold neutron 
program 

 none  0-900 kW 0-900 kW 
 

0-1000 kW  0-1000 kW 

Nuclear technology 
applications 

 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

  
# Programs: 

 
     4 

  
      8 

  
     8 

  
     8 

  
     8 

  
Total max power: 

  
735 kW  

  
2222 kW  

  
 4284 kW 

  
 6492  kW 

  
11870kW 



Broader Impacts  Research                   
with Stage-1  

• Energy applications:  Material studies, 
transmutation science, accelerator reliability.   
DOE SC/NE workshop January 2013.                                                                                         
 

• Materials science with muon Spin Rotation 
(muSR):  very-low energy  (<4 MeV) stopping 
µ+ that are sensitive probes of the magnetic 
properties of materials.  Several facilities world-
wide, no US facilities.   

    Project X muSR forum October 17th-19th 2012   

R. Tschirhart,  University of Washington May 20th 2013 55 



Stage-1 Accelerator Resources:   

• Promotes the Main Injector (MI) to a Mega-Watt class machine for 
neutrinos, and increases the potential beam power for other 
medium power MI experiments (e.g. ORKA, nu-STORM).  

 
• Unshackles the µe (Mu2e) experiment from the Booster complex:  

Potentially increases sensitivity of Mu2e by   x10 - x100 with         
1-GeV CW drive beam.   

 
• High power spallation target optimized for  ultra-cold neutron and  

atomic-edm particle physics experiments and neutronanti-neutron 
oscillation experiments. 

 
• Capability to drive polarized protons to a proton-edm experiment.    
 
• Increases the available integrated 8 GeV power for other 

experiments   (e.g. short-baseline neutrinos) from the Booster 
complex by liberating Mu2e.  
 
 

 
 

R. Tschirhart,  University of Washington May 20th 2013 56 



1B - Disordered Mat’ls 
Commission 2010 

2 - Backscattering 
Spectrometer 
Commission 2006 

3 - High Pressure 
Diffractometer  
Commission 2008 

4A - Magnetism 
Reflectometer  
Commission 2006  

4B - Liquids 
Reflectometer 
Commission 2006  

5 - Cold Neutron 
Chopper  
Spectrometer 
Commission 2007 

18 - Wide Angle 
Chopper  Spectrometer  
Commission 2007 

17 - High Resolution 
Chopper  Spectrometer 
Commission 2008 

13 - Fundamental 
Physics Beamline  
Commission 2007 

11A - Powder 
Diffractometer  
Commission 2007 

12 - Single Crystal 
Diffractometer  
Commission 2009 

7 - Engineering 
Diffractometer  
IDT CFI Funded  
Commission 2008 

6 - SANS  
Commission 2007 

14B - Hybrid 
Spectrometer   
Commission 2011 

15 – Spin Echo 

9 – VISION 

SNS spallation target optimized for Material Science research 

Courtesy 
 Geoff Greene 
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Stage-1 Research Program 
 

*http://projectx.fnal.gov/  

R. Tschirhart,  University of Washington May 20th 2013 58 



PAC Feedback Regarding the          
Proton EDM Expression of Interest. 

• “…This experiment represents an exciting opportunity 
for Fermilab.” 
 

• “…The PAC recommends that Fermilab and 
Brookhaven management work together, and with 
potential international partners, to find a way for critical 
R&D for this promising experiment to proceed.” 
 

• This experiment requires 236 MeV/c polarized protons 
of modest intensity, injection every 20-60 minutes.  

59 R. Tschirhart,  University of Washington May 20th 2013 

http://www.fnal.gov/directorate/program_planning/phys_adv_com/index.html


Rare Processes  Research Probing far 
Beyond  the TeV scale with Stage-1  

• x10 improvement in mu2e sensitivity.     
Platform for next generation rare muon decay 
experiments such as µ3e. 
 

• x100 improvement in K+π+νν sensitivity,  
many other rare K+ modes.   

R. Tschirhart,  University of Washington May 20th 2013 60 
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Dubbers, Kamyshkov PXPS  

Stage-1 presents an opportunity to increase  
n-nbar search sensitivity by > x20 

R. Tschirhart,  University of Washington May 20th 2013 



PAC Feedback Regarding the nn   
Expression of Interest. 

• “…The observation of nnbar oscillation would be a 
major breakthrough in particle physics, providing 
evidence for baryon number violation, which is needed 
to explain the  observed baryon asymmetry of the 
Universe.” 

 
• “…The PAC recommends that R&D be supported, when 

possible, for the design of the spallation target, and for 
the overall optimization of the experiment, to bring it to 
the level required for a proposal to be prepared. The 
NNbarX experiment would be an interesting addition to 
the wider physics program involving neutrons at the first 
stage of Project-X.” 

R. Tschirhart,  University of Washington May 20th 2013 62 
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What beam energy optimizes            
the muon yield for this technique? 

 

Preliminary,  
V. Pronskikh, N. Mokhov 

65 



What beam energy optimizes the  muon yield and 
minimizes DPA to the superconducting solenoid? 

 

 
Preliminary,  

V. Pronskikh, N. Mokhov 
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Example Research Program, definitive space of 
accelerator parameters on Project X website 

*  Operating point in range depends on MI energy for neutrinos. 
** Operating point in range depends on MI injector slow-spill duty factor (df) for kaon program.  
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Program: 

 
 
 
Onset of  NOvA 
operations in 2013 

Stage-1: 
1 GeV CW Linac 
driving Booster & 
Muon, n/edm programs 
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upgrade to 4MW 

MI neutrinos 470-700 kW** 
 

515-1200 kW** 
 

1200 kW 2450 kW 2450-4000 kW 

8 GeV Neutrinos 15 kW  +0-50kW** 0-42 kW* + 0-90 kW** 0-84 kW*  0-172 kW*  3000   kW  

8 GeV Muon program  
e.g, (g-2),  Mu2e-1 

20 kW  0-20 kW*  0-20 kW*  0-172 kW*  1000   kW  

1-3 GeV Muon 
program, e.g. Mu2e-2 

 ----- 80 kW 1000 kW 1000 kW 1000   kW 

Kaon Program 0-30 kW**  
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 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

Ultra-cold neutron 
program 

 none  0-900 kW 0-900 kW 
 

0-1000 kW  0-1000 kW 

Nuclear technology 
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 none 0-900 kW 0-900 kW 0-1000 kW  0-1000 kW 

  
# Programs: 
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      8 
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Science Enabled with Stage-2 

• World leading kaon physics program:  Megawatt 
power  (x10 over competing facilities) can drive 
multiple experiments.  

 
• World class muon physics program:  Mu2e 

descendant migrates to a higher power campus.  
Megawatt power for conversion experiments (x10 
over competing µe facilities), opportunities for 
major next steps in other channels (e.g. µ3e, 
others). 

 
• Maintains Main Injector beam power at lower 

energies (e.g. 60 GeV)  enhancing the neutrino 
spectrum for long baseline experiments.   
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“Nothing in, nothing out…”  Next generation 
photon measurements crucial. 

R. Tschirhart,  University of Washington May 20th 2013 69 



Example Research Program, definitive space of 
accelerator parameters on Project X  website 

*  Operating point in range depends on MI energy for neutrinos. 
** Operating point in range depends on MI injector slow-spill duty factor (df) for kaon program.  
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     8 

  
Total max power: 

  
735 kW  

  
2222 kW  

  
 4284 kW 

  
 6492  kW 

  
11870kW 



Science Enabled with Stage-3 (RDR) 

• Main Injector power 
upgrade to  >2 Mega Watts 
for 60-120 GeV beam, 
doubling power to the long 
baseline Main Injector 
Neutrinos (LBNE)  and Main 
Injector near-detector 
neutrino physics.  
 

• 8 GeV beam power for 
experiments is doubled to  
now x10 the MiniBooNE 
era, which will support a 
new generation of short-
baseline neutrino physics.    
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LBNE 

R. Tschirhart,  University of Washington May 20th 2013 



 

R. Tschirhart, FRA Visiting Committee Meeting, March 28-29, 2013  72 

JoAnne Hewett, March 2013 
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Opportunities for collaboration 

• Much of the  Project X Day-1 research program is under 
construction and development now:                                    
(g-2), LBNE, MicroBooNE, Minerva, MINOS, Mu2e, NOvA, 
ORKA, etc. 

 
• EDM research…systematics, systematics, systematics 
 
• Design of next generation detectors and experiments:  

EDMs,  n-nbar, ultra-low mass trackers for muon 
experiments, the “perfect” EM calorimeter for kaon 
experiments, among other challenges.   
 

• Particle Physics Theory   

R. Tschirhart,  University of Washington May 20th 2013 73 



                          Summary 
 
 Project-X is a staged evolution of the best assets of the 

Fermilab accelerator complex with the revolution in 
super-conducting RF technology.   
 

 Each Stage of Project-X will raise many boats of the 
Intensity Frontier in particle physics, with a program 
scope of more than 20 world-leading particle physics 
experiments and an associated robust user community. 
 

 Stage-1 of Project X can host a program of world class 
experiments, with “Day-1” experiments inherited from 
the investments being made now  in advance of    
Project-X operations which could commence at the 
close of this decade.   

74 R. Tschirhart,  University of Washington May 20th 2013 
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Rare processes can dissect new physics…  
e.g. Warped Extra Dimensions as a Theory of Flavor?? 

Straub, CKM 2010 workshop 
(arXiv:1012.3893v2)   

Buras et al.  SM 
accuracy of <5%, 

motivates 1000-event 
experiments   
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0.1% X0  per layer, 100 psec track timing… 

Dirk Wiedner, Mu3e Initiative at PSI  
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Plan for discovery… 

81 R. Tschirhart,  University of Washington May 20th 2013 

http://www.fnal.gov/directorate/plan_for_discovery/
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J. Nolen, ANL – Project X Spallation forum  

 for 225Ra edm research 

R. Tschirhart,  University of Washington May 20th 2013 
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J. Nolen, ANL – Project X Spallation forum  

R. Tschirhart,  University of Washington May 20th 2013 
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