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Outline of the talk  
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§  The LHC as a driver of secondary beams     
 
§  Challenges for the future neutrino beams  

§  Towards the GF muon and neutrino source      
 

§  The status of on-going studies    
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The SPS  as a driver of secondary beams      

1974-2021: 47  years of the experimental 
program with the SPS extracted beams    

North Area   

West Area   

WA1 (CDHS) – neutrino experiment  
(the first SPS experiment approved)     

Jack Steinberger (1921-2020)      
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The present use of the LHC beams       

Possible Gamma Factory contributions:  

2008-2038?: 30? years of the experimental 
programme with the LHC  colliding beams    
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Atomic physics 
experiments    

Dark Matter 
searches   

Neutron 
physics    Nuclear 

spectroscopy    Radioactive beams 
( for ISOLDE?)    

Medical 
isotopes, ADS    

Polarised 
positron source   

Muon physics   

Pions/muons for 
Neutrino Factory   

 Basic symmetries, 
Lorentz invariance   

Gravitation wave 
sensor? 

Today 

Today 

GF: Convert  the LHC RF power into the power of secondary 
beams while keeping stable atomic beams circulating in the LHC!     

What next? --the LHC as a driver of secondary beams?      

M.W. Krasny: arXiv:1511.07794  Gamma Factory proposal: (> 2038?) - experimental program with the LHC-driven secondary beams   
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Proton beam driven neutrino beams   
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Future long baseline experiments – expected performance   

DUNE   HYPER-KAMIOKANDE   

An example: measurement of the  CP violating  phase of  the neutrino mixing matrix     



Challenges for the future neutrino sources   
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Ø  Large and precisely controlled flux  

Ø  CP and flavour symmetry of neutrino and antineutrino fluxes  

Ø  Very Narrow  Band  Beams VNBB (monochromatic pion/muon beams)  

Ø  Precise control of CP  and flavour composition of the neutrino beam  
  
Ø  Precise control of the respective  energy spectra of: νe,νe, νµ, νµ



Example: precise control of the neutrino fluxes   
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Only a muon-beam-driven neutrino 
source will allow for a precision leap 
à Neutrino Factory     



1.  Can we deliver  
1013-1014 muons/
second of each 
sign?  

 
2.  Can we  produce 

polarised muon 
beam?  

3.  Can we  avoid the  
       µ-cooling phase?  
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Detailed studies  
over the last 20 
years…  

Muon-beam driven neutrino beams   

Gamma Factory 
studies… just 
starting  

 
Gamma-Factory-based  
polarised muon source 

µ-polarisation- 
preserving  
 
 
 
storage ring    
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Existing and future muon sources   
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Two ways of producing polarised muons by photons      

π 
Lab frame    

µ

Polarisation =P(θ)    

Requires quasi-monochromatic 
pion beam …and θ-dependent  
packing of muons into 
successive 
RF buckets  to minimise the 
polarisation smearing!    

New concept   

~ 1010 µ/s source for GF@LHC 

Circularly 
polarised 
 GF photons 

(Mass threshold effect) 
  

GF@LHC 
  

GF@HE-LHC 
  High intensity source: 2x1013 (10^14) µ+ and µ- per second for the 2X0 

graphite (deuterium) target and 1 MW,  300 MeV photon beam! 



The importance of muon (longitudinal) polarisation  
Precise control of CP and flavour composition of the µ-beam driven neutrino source 

•  The GF source for 
isoscalar targets is  
“charge-symmetric”!  

•  Selection of νeνµ or νeνµ 
beam by changing the sign 
of collected pions 

  
•  Control of the relative νe/νµ  

(νe/νµ) fluxes by changing 
muon polarisation  
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 Conceptually optimal experiment to search for CP violation in the neutrino sector:  

 νµ for P=+1,µ- beam   
          P= -1 µ+ beam 

 νe for P=+1,µ- beam   
          P= -1 µ+ beam 

F. Dydak, GF note,  
October 2015   



Quasi-monochromatic pion source: 
 De-randomising pion spectra and restoring  their charge symmetry  
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Unbound nucleon target 

Nucleons bound in the nucleus 

Z=A/2, (Np=Nn) 

Isoscalar target choice:  
assures almost exact charge 
symmetry of π+ and π- production 
(below 2π production threshold)  
 (note the effect of the  nucleon Fermi 
motion smearing – relative to hydrogen 
target) 

Isoscalar target, 300 MeV photons   

Laboratory frame:  
Ø  Pion energy and transverse 

momentum fully specified by one 
parameter: the pion emission angle, θ        

 CM frame: 
Monochromatic pions  

Proton target, 300 MeV photons   



Can we avoid µ-cooling stage? – pion spectral density  
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 300 MeV GF γ-beam       

For λi = 2 graphite target :  
~ 3 x 1013 π+ and π- /s for 1 MW γ beam (2 x 1016 γ/s)       

σpt ~22 MeV σp ~24 MeV 

A factor of 10 less pions produced by 1 MW photon beam w.r.t. 1 MW proton beam, …but significantly 
higher, by a of factor ~ 500,   spectral density [1/MeV3] of produced “beam-like” pions!  

 8 GeV proton beam       

For λi = 2 graphite target:  
~ 4.1 x 1014 π+/s and ~ 2.6 x 1014 π-/s for 1 MW p beam       

σpt ~250 MeV σp ~1000 MeV 
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Proposed scheme:  
 
Expected pion source beam 
emittance:  
 
εT ~ σTσpT/mc ~ 0.8 mm  
εL ~ σ||σp/mc  ~ 20 mm 
 
1 MW gamma beam, 20 cm long  
graphite target, Nπ= 1.3x10^13  
of each sign 

 
Remaining challenge:  design a 
pion/muon collection scheme in 
which the emittance is preserved  
(…or worsen by not more than a 
factor of ~4)  (under study) 
 



Potential advantages of the photon-beam-driven muon and 
neutrino sources  

•  Almost exact symmetry of the π+/π- and µ+/µ-  
•  Resonant production of  pions in exclusive processes: 
 

•  Large cross-section 
•  Large spectral density (quasi-monochromatic pions) 
•  Muon beam cooling no longer necessary?   

 
•  Muon polarisation control thanks to the “monochromaticity” of the pion beam 

•  Relatively “Easy” separation of pions from the bulk of particles produced in the pion production target 
•  Parasitic high-intensity source of polarised positrons  
•  Replacing the high-power (> 1 MW) proton-driver beam by the high-power, GF@LHC  photon-driver beam may turn to 

be the cost- operation- and construction-effort-optimised option for the future neutrino factory (detailed studies required): 
 

•  Beam power scaling (LHC RF-power, laser/FEL pulse power) 
•  Timing structure of pion/muon pulses (LHC bunch timing structure) 17 



Status of on-going studies    

18 

Gamma Factory 
photon beam 
optimisation 
studies  

Target material 
and shape 
optimisation 
studies 

Pion and muon 
collection 
system 

Muon 
acceleration 
and storage  

Conceptual 
development: 
Initial discussion 
with the CERN SY-
STI group 
(Simone Gilardoni) 

Studies completed : for technical details see attached 
supplementary slides… 

See e.g. : 
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q  We are developing a new concept of the muon and neutrino source based on the MW-range Gamma 
Factory (GF) photon beams (in parallel to a work on the GF dedicated FEL and mirror reflectivity).   

 
q  Our initial simulations show that the GF source could potentially provide comparable muon/neutrino 

fluxes to the canonical MW power proton-beam sources  but, in addition, would  have the following three 
important and unique merits:  

 
•  almost exact symmetry of the π+/π-, µ+/µ- and neutrino/antineutrino fluxes  
•  large spectral density of resonantly produced pions à low emittance pion and muon beams  
•  muon polarisation control profiting from  the “monochromaticity” of the pion beam 
 

q  It remains to be demonstrated that, for  the GF source, the muon cooling phase would no longer be 
necessary (work on-going)  

 
q  The important potential practical advantage of the GF scheme is that it could  re-use LHC as the high-

power driver beam generator  (instead of  building a new, costly, 1 MW  proton accelerator) 
   
q  The GF muon source would be a CW source  -- its use for the Muon Collider would require developing a 

new scheme of bunch merging at the top energy, …or a new detector concept.     
 

 Conclusions 
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Simulation studies  
(supplementary slides) 



Optimising of the Gamma Factory  photon beam (tools)   
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Optimising of the Gamma Factory  photon beam  
(γ-source for Neutrino Factory)    
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LHC: 
Beam of hydrogen-like Ytterbium, colliding with  
circularly polarised laser (FEL) photons  

Distance to the Pion 
production target 50 m   

cooling 

as in PoP 
experiment 

R&D mirror 
technology 
or GF FEL 



Optimising of the Gamma Factory  photon beam  
(Photon beam characteristics - examples)    
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Photon beam spot at  
 the target entry   

Comparable to the Fermi 
motion smearing for 
the photon beam 
collimation angle of 
0.1 mrad  

Correlation of the photon 
energy with its emission angle 

Photon beam  
energy spectrum  

Photon beam  
collimation 



Optimising the pion production target  
(GEANT4 simulations)      
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Virtual half sphere Virtual 
plane 

Target 



Optimising the pion production target  
     (target material)      
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Target: Graphite 
Length: 40cm 
Radius: 1 cm 

Target: Calcium 
Length: 20cm 
Radius: 1 cm 



Optimising the pion production target  
(target radius)      
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Radius 
(cm) 

Mean 
Energy 
(MeV) 

Sigma 

0.5 116.43 23.92 
1.0 114.55 23.70 
2.5 102.50 16.13 
5.0 85.67 16.65 
7.5 69.52 18.60 
10 52.38 20.86 



Optimising the pion production target  
(target thickness)      
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Graphite, Radius=1 cm  



Optimising the pion production target  
(target energy deposition)      
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Deposited beam power, in the 20 
cm graphite target:  ~ 130 kW 

Simulation Results are normalized  
to 1MW  gamma beam  
(equivalent to 2*1016 photons/s) 

Longitudinal Distribution of Deposited  

Energy in Graphite  Target 

Target Graphite 
Radius 2.5 cm 

Photon beam energy: 300 MeV 
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Pion collection zone  

e+/e- collection zone  

…parasitic polarised positron source?    

Optimising the pion production target  
(pion collection zone and e+,e- production)      

Pion collection axis     
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