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Electrons and X-rays to Muon Pairs scheme



Presentation outlook

• Few words on Muon Colliders (MCs)

• Electrons and X-rays to Muon Pairs (EXMP): scheme & 
motivations

• Inverse Relativistic Kinematics for Muon Pair generation 
in electron-photon collision

• Simulation of Muon Beam Generation in EXMP 

• Power Budget discussion

• A Proof-of-Principle experiment at DESY with XFEL 
electrons and a dedicated ICS
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• m fundamental particles → clean collision and all energy available 
• Mm ~ 200 Me , SR ∝ g4/r → higher acceleration and smaller footprint
• L/P grows linearly with energy while constant in Linacs: above 3 TeV only MC for leptons 

MAP scheme:
1012 m/bunch
en = 25 mm mrad
L ~ 1034 cm-2 s-1

Muon Colliders

some technological challenges:
target handling

ionization cooling
fast acceleration

Muon beam collision @ TeV: incredible potential for HEP studies

Muon colliders to expand frontiers of particle physics. Nat. Phys. 17, 289–292 (2021)
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https://doi.org/10.1038/s41567-020-01130-x


Beam-Induced Background (BIB) & Neutrino radiation  

m unstable particles with t0 = 2.2 ms, 
decay in m+→e++ne+nm , m-→e-+ne+nm  leads to two main issues:

Mitigation through various 
methods for the MAP scheme: 

intense study ongoing
Alternative/complementar 
approach: less muons and 

lower emittance (L ∝N2/e)
ex: Low EMittance Muon 

Accelerator  

m-

Muon Colliders

m-

Simulated Detector Performance at the Muon Collider,  ArXiv (2022)
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conical shielding: nozzle

https://arxiv.org/abs/2203.07964


Electrons and X-rays to muon pairs (EXMP) 

Strongly asymmetric collision: relativistic Doppler effect permits to have ECM above MPP threshold

• electron beam injected in one of the main Linacs, accelerated to 500 GeV, collision with counterpropagating FEL 
radiation at 60 keV, injected in the opposite Linac and decelerated (Energy Recovery)

• produced muons injected in opposite main Linac with used electrons (out of phase) and fast accelerated to final 
energy using recirculating arcs

Ee=500 GeV, hn=60 keV

Recoil parameter X=4gehn/Me=4.6∙105

Electrons and X-rays to Muon Pairs (EXMP) Appl. Sci. (2022), 12(6), 3149
GeV muon beams with picometer-class emittance from electron-photon collisions, ArXiv (2021)
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https://doi.org/10.3390/app12063149
https://arxiv.org/abs/2106.03255


Electron beams & FEL 

Why using photons to generate muons?

• We have an outstanding photon machine: the Free Electron Laser (FEL)
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Why using electrons to generate muons?

• Electron Beams achieve the highest beam brightness than any other 
charged particle beam (6D Brightness: short bunches, small emittance 
and energy spread → tight focus)

• We can recover the power stored in the electron beam via Energy 
Recovery Linacs (ERLs) for a large energy sustainability 
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Parameters of Primary Beams
Energy e-beam (GeV) 500. FEL photon energy (keV) 60.
Bunch charge (pC) 250. Photons per pulse (1012) 12.5
Ne (109) 1.6 Repetition rate (MHz) 800.
Repetition rate (MHz) CW 800. εx,y (pm.rad) 1.5
Average Current (mA) 2x200. Focal spot size (rms, nm) 10.
Nominal beam power (GW) 2x100. FEL beam power (MW) 2x100.
beam power recovery fraction 99.95 % FEL-efficiency (tapering) 1%
beam power loss (MW) 2x50. FEL e- beam av. curr. (mA) 200.
Bunch length (psec) 0.2 FEL e- beam energy (GeV) 50.
εn

x,y (mm mrad) 0.4 FEL e- beam power (GW) 2x10.
bx,y (mm) 0.23 e- beam power recovery fraction (after FEL) 99.9%

x,y (nm) 10. e- beam power loss (MW) 2x10.
Total beam power loss (primary+FEL) (MW) 320.

Peak Luminosity (cm-2s-1) =  2 x 1.25 . 1042  

FEL-graded CW electron beam – 800 MHZ (SC-RF Perle cavities) @ 200 mA

Parameters

electron-photon collision → no beam-beam, no beam disruption → round beam → no damping rings
b*=0.23 mm → time jitter for synchronization system 0.6 psec
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EXMP

What are the drawbacks of in-vacuum based
muon beam generation?

• Low MPP cross section
• Running a primary collider to generate a beam 

(not physics events) implies achieving outstanding 
luminosities: drop by 9-10 orders of magnitude 
from primary to secondary collider (104n → 103n)

• Operational stability and reliability of the 
secondary collider (in our case muon collider) 
strongly depends on the performances of the 
primary collider

In-vacuum MPP
What are the positives of in-vacuum based
muon beam generation?

• no target handling
• very low emittance → no cooling 
• polarized muons
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Event generator: Whizard + script for incoming beam features
Ee = 500 GeV  0 = 10 nm  ��� = 1450   Ecm = 346 MeV

Analytical formula agrees within 20-30%
Strong desensibilization on incoming 
electrons emittance since X very high

�����~�����~120 ���

Simulated MPP

Nm~1011 /s
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Muon production and accumulation from positrons on target. PRAB 23, 051001 (2020)

normalized rms transverse 
emittance @ source

after ionization cooling
after accumulation, no cooling

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.23.051001


Simulated ICS and TPP
Gamma beam

Positron beam

High recoil factor 
→ photon beam 
peaked around 
incoming electron 
beam energy

X=0.13

X=13

X=1300

Far from TPP threshold → electron/positron 
produced at very low energy → no big impact 
on energy loss

Example of emitted photon 
spectra at different X
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• Stored power into the colliding beams, electrons and FEL photons, at the collision point: 2x100 GW + 2x10 GW

• Total power loss: 320 MW dominated by ERL efficiency and FEL photons
(50% of FEL photon beam power could be recovered through thermal recycling: net 220 MW power loss)

• Low power transferred from primary colliding electron/photon beams into the secondary beams:
- muon pairs (1011 s-1 at an average energy of 100 GeV) ~ 8.6 kW
- back-scattered Compton gammas (4.1013 s-1  at an average energy of 500 GeV) ~ 3.2 MW
- e-/e+ pairs produced (5.1016 s-1  at an average energy of 2 GeV) ~ 10 MW

• Expected efficiency beam-to-plug not smaller than 20% (range 20-40%): AC power bill in 0.5 - 1 GW range

• With 200 GW of “circulating” beam power, energy recovery becomes absolutely mandatory: ERL is the key 
technique to go. ERLs are exiting their development era, mainly focused on radiation production (as drivers of FELs, 
ICS, and synchotron light), and they are now entering the future scenario of HEP 

Power budget

The Development of Energy-Recovery Linacs, ArXiv (2022)
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https://arxiv.org/abs/2207.02095


ERL operation is possible only with Super-Conducting RF Cavities, for which PRF  ˜ Pbeam   (no significant 
dissipation of RF Power in Cavity walls) while room-temperature RF Linacs (copper cavities) dissipate 
most of the RF power into cavity walls PRF  >> Pbeam

ERL
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A PoP experiment at DESY with XFEL and a dedicated ICS
20 GeV XFEL electrons 1.5 MeV ICS photons

ECM 346 MeV

Qe- 800 pC

effective rep rate 32 kHz

primary collision spot-size 2 microns

en 1 mm.mrad

NICS   @   primary collision 5. 109

N m+ - 0.3 (s-1)

Proof-of-principle experiment

• Muons peaked around 5 GeV
• Very good emittance, 0.7 mm.mrad
• Moderate amount of time to populate a phase 

space (few hours): flux ~ 1 m/s
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• We presented the straw-man design of a source for the generation of ultra-low emittance 
muon beams based on the collision of electron and photon beams 

• Muon Pairs generated in-vacuum: no target, no cooling needed

• Ultra-tight focusing of primary electron beam, no beamstrahlung, no beam disruption, 
outstanding primary luminosity: 1042 cm-2s-1

• Primary electron beam recovered in energy (ERL) for sustainability

• Same Linac can accelerate electron beam and muon pairs! 

• Polarized muon beams

• Mitigation of Beam-Induced Background and neutrino flux

• Open issue: stacking (collaboration needed) from CW muon beam with low bunch 
population to large bunch population in storage ring

Conclusions
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Simulated Detector Performance at the Muon Collider
Promising Technologies and R&D Directions for the Future Muon Collider Detectors

Beam-Induced Background (BIB) 

Tracker
~1014-15  cm-2/y

ECAL 
~1014  cm-2/y

1-MeV-neq 

 TID ~10-3 Grad/y on tracker and  ~10-4 Grad/y on ECAL

Radiation maps @ √s=1.5 TeV:
2x1012 m/bunch, C=2.5 km, 5 Hz injection rate, 200 days/y
Preliminar simulations @ √s=3 TeV: BIB same level √s=1.5 TeV 
(higher energy compensated by lower number)

• Physics measurments with BIB ok, future optimization to 
enhance performances

• Radiation levels similar to HL-LHC
• Development of detector technologies to deal with BIB ongoing 

JINST 16 P11009 (2021)
Simulations @ √s=1.5 TeV and comparison with MARS15 by MAP 

project EU INFRADEV + Snowmass

https://arxiv.org/abs/2203.07964
https://arxiv.org/abs/2203.07224#:~:text=Promising%20Technologies%20and%20R%26D%20Directions%20for%20the%20Future%20Muon%20Collider%20Detectors,-Sergo%20Jindariani%2C%20Federico&text=Among%20the%20post%2DLHC%20generation,and%20mostly%20unexplored%20physics
https://iopscience.iop.org/article/10.1088/1748-0221/16/11/P11009/pdf


FEL



4th order variational expansion over rms phase space distribution of e-hn colliding beams

ICS



RECOIL PARAMETER X
• Inverse Compton Scattering sources (like STAR, 200 keV photons) are operated with very small recoil 

factor X << 1. ICS for Nuclear Photonics (ELI-NP-GBS, 20 MeV photons) runs at X < 0.03.

• Hadron-Photon Collider works at small recoil factor X = 0.2 

• EXMP is set to run at very large recoil factors, X > 105 

X

STAR

ELI-NP-GBS
HPC



Trespassing the Schwinger’s Limit (E = 1.3.1018 V/m) @  EXMP

FEL 60 keV  U = 0.125 J   t = 0.2 psec   w0 = 10 nm 

a0 = 4.3 l √(U/t) /w0=0.007,   X=4.6 105  ,  c = 3220

P = 0.94 U/(2 t) =294 GW

Ip = 2 P / (p w0
2) = 1.9 1027 W/m2 = 1.9 1023 W/cm2

E = √(754 Ip) = 1.2 1015 V/m

E’ = E g  = 1.2 1021 V/m



ERLC


